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AMPA: α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid 
Atp6v1h: ATPase H+ transporting V1 subunit H 
bHLH: basic helix-loop-helix 
CLEAR: coordinated lysosomal expression and regulation 
CNQX: 6-cyano-7-nitroquinoxaline-2,3-dione 
COX: cytochrome c oxidase 
ctsb: cathepsin B 
ctsd: cathepsin D 
Cyt.c: cytochrome c 
DBT: dibutyltin 
Dox: doxycycline 
GABA: γ-aminobutyric acid 
gba: glucosylceramidase beta 
GFP: green fluorescent protein 
HA: human influenza hemagglutinin 
HEK 293T: human embryonic kidney 293T 
K.D.: knockdown 
K.O.: knockout 
LAMP1: lysosomal-associated membrane protein 1 
mcoln1: mucolipin 1 
MiT: microphthalmia transcription factor 
MITF: melanogenesis associated transcription factor 
NAS: 1-naphthylacetylspermine 
NMDA: N-methyl-D-aspartate 
NRE: nuclear respiratory factor-1 binding element 
NRF-1: nuclear respiratory factor-1 
PGC-1α: Peroxisome proliferator-activated receptor gamma coactivator 1-alpha 
PPAR: proliferator-activated receptor 
shRNA: small hairpin RNA 
TBT: tributyltin 
Tet: tetracycline 
TFE3: transcription factor E3 




REST: RE-1-silencing transcription factor 
























ࡋ࡚ࡣࠊ1989 ᖺ࡟ࡣ໬ᑂἲ࡟ࡼࡾࢺࣜࣈࢳࣝࢫࢬ࢜࢟ࢩࢻ (TBTO) ࡀ➨୍✀≉ᐃ໬
Ꮫ≀㉁࡟ᣦᐃࡉࢀࠊ〇㐀ࠊ㍺ධࠊ౑⏝ࡀཎ๎⚗Ṇࡉࢀࡓࠋࡲࡓࠊ1992 ᖺ࡟ࡣࢺࣜࣈࢳ
ࣝࢫࢬࢡࣟࣛ࢖ࢻ (TBTCl) ➼ 13 ✀㢮ࡢ໬ྜ≀ࡀ➨஧✀≉ᐃ໬Ꮫ≀㉁࡟ᣦᐃࡉࢀࠊ౑
⏝➼࡟㛵ࢃࡿつไࡢᑐ㇟࡜ࡉࢀࡓࠋࡋ࠿ࡋ࡞ࡀࡽࠊప ࠿ࡘ᎘Ẽ᮲௳ୗ࡟࠾ࡅࡿ᭷ᶵࢫ
ࢬ໬ྜ≀ࡢ༙ῶᮇࡣᩘ༑ᖺ࡜㛗ࡃࠊ౑⏝ࡀつไࡉࢀࡓᚋࡶ㨶㢮ࡢ⾑ᾮࡸᾏᗏሁ✚≀୰࠿
ࡽࡢ᳨ฟࡀሗ࿌ࡉࢀ࡚࠸ࡿ (Viglino et al., 2004; Miki et al., 2011)ࠋMiki ࡽࡀ⾜ࡗࡓ
໭஑ᕞࡢᾏᓊᆅᇦࡢ᭷ᶵࢫࢬ໬ྜ≀ࡢởᰁㄪᰝ࡟ࡼࡾࠊ㨶㢮⾑Ύ࠿ࡽ 1.4 – 190 ng/ml 
ࡢ  TBT ࡀ᳨ฟࡉࢀࡿࡇ࡜ࡀ᫂ࡽ࠿࡜࡞ࡗ࡚࠸ࡿ  (Miki et al., 2011; table 1)ࠋ
Airaksinen ࡽࡣࣇ࢕ࣥࣛࣥࢻேࡀ㨶௓㢮ࢆ௓ࡋ࡚ᦤྲྀࡍࡿ୍᪥࠶ࡓࡾࡢᖹᆒ᭷ᶵࢫࢬ
໬ྜ≀㔞㹹 TBTࠊࢺࣜࣇ࢙ࢽࣝࢫࢬ (TPT) ࠊࢪࣈࢳࣝࢫࢬ (DBT)ࠊࢪ࢜ࢡࢳࣝࢫࢬ 








Table 1. Mean DBT and TBT concentrations (mean s SD, ng/mL for blood and ng/g, 
wet weight, for liver and muscle) in pufferfish and non-pufferfish samples (Miki et 
al., 2011). 
 
 Retinoid X receptor (RXR) ࡣࠊࣜ࢞ࣥࢻ౫Ꮡᛶ㌿෗ᅉᏊ࡜ࡋ࡚ᵝࠎ࡞⏕⌮ᶵ⬟࡟㛵
୚ࡍࡿ㑇ఏᏊࡢⓎ⌧ㄪ⠇ࢆᢸ࠺᰾ෆཷᐜయࡢ୍ࡘ࡛࠶ࡿࠋࢺࣜ࢔ࣝ࢟ࣝࢫࢬࡣ┤᥋
RXR ࡢࣜ࢞ࣥࢻ⤖ྜ㡿ᇦ࡟⤖ྜࡋࠊ㌿෗άᛶࢆಁ㐍ࡍࡿࡇ࡜ࡀ▱ࡽࢀ࡚࠸ࡿ 
(Nakanishi et al., 2005)ࠋRXR ࡣ proliferator-activated receptors (PPARs) ࡢ࣊ࢸࣟ
ࢲ࢖࣐࣮ࡢࣃ࣮ࢺࢼ࣮࡜ࡋ࡚ᶵ⬟ࡍࡿࡓࡵࠊ᭷ᶵࢫࢬ໬ྜ≀ࡣ RXR ࣍ࣔࢲ࢖࣐࣮ࡢ
ࡳ࡞ࡽࡎ  RXR/PPARγ ࣊ࢸࣟࢲ࢖࣐࣮ࢆ  10-100 nM ࡢ⃰ᗘ࡛άᛶ໬ࡍࡿ 
(Kanayama et al., 2005)ࠋࡲࡓࠊPPARs ࡟ຍ࠼࡚ farnesoid X receptor (FXR)ࠊthyroid 
hormone receptors (TRs)ࠊ constitutive androstane receptor (CAR)ࠊpregnane X 











ࢩࢫࢩࢢࢼࣝࡢάᛶ໬ࢆᘬࡁ㉳ࡇࡋࠊ᭱⤊ⓗ࡟⚄⤒⣽⬊ṚࢆㄏⓎࡍࡿ (Mitra et al., 
2013)ࠋࡲࡓ TBT ࡢᛴᛶ᭚㟢ࡣ⮬Ⓨ㐠ື㔞ࡢῶᑡ࡞࡝ࡢ⾜ື␗ᖖࢆᘬࡁ㉳ࡇࡍࡇ࡜ࡸ 
(Ema et al., 1991)ࠊ࣐࢘ࢫ୰⬻ࡢࢻࣃ࣑ࣥࣞ࣋ࣝࢆኚ໬ࡉࡏࡿస⏝ࡶ▱ࡽࢀ࡚࠸ࡿ 
(Tsunoda et al., 2004)ࠋMitra ࡽࡣᵝࠎ࡞⬻ࡢ㡿ᇦ࠿ࡽ༢㞳ࡋࡓึ௦ᇵ㣴⚄⤒⣽⬊࡟ 
30-3000 nM ࡢ TBT ࢆ᭚㟢ࡋ⣽⬊ẘᛶࢆホ౯ࡋࡓ࡜ࡇࢁࠊ௚ࡢ㡿ᇦ࡜ẚ࡭࡚⥺᮲యࡀ
᭱ࡶ TBT ࡟ᑐࡍࡿឤཷᛶࡀ㧗࠸ࡇ࡜ࢆぢฟࡋࡓ (Mitra et al., 2014)ࠋChang ࡜ 
Dyer ࡣࣛࢵࢺᾏ㤿࡟ᑐࡍࡿࢺ࣓ࣜࢳࣝࢫࢬ (TMT) ࡢ⚄⤒യᐖస⏝࡟ࡘ࠸᳨࡚ウࡋࠊ
ṑ≧ᅇ࡟࠾࠸࡚᪩ᮇࡢ⚄⤒ኚᛶࡀㄆࡵࡽࢀࡿࡇ࡜ࡸࠊCA3 㡿ᇦࡢ୰࡛ࡶෆഃࡢ᪉ࡀእ
ഃࡼࡾࡶឤཷᛶࡀ㧗࠸ࡇ࡜ࢆሗ࿌ࡋ࡚࠸ࡿ (Chang and Dyer, 1983)ࠋࡇࡢࡼ࠺࡟ࠊ᭷
ᶵࢫࢬ໬ྜ≀࡟ᑐࡍࡿឤཷᛶࡣ⬻ࡢ㒊఩ࡸ㡿ᇦ࡟ࡼࡗ࡚␗࡞ࡿࡇ࡜ࡀ♧၀ࡉࢀ࡚࠸ࡿࠋ 
 ᭷ᶵࢫࢬ໬ྜ≀ࡢ⚄⤒ẘᛶ࣓࢝ࢽࢬ࣒ࡢ୍ࡘ࡟⚄⤒ఏ㐩≀㉁࠾ࡼࡧࡑࡢཷᐜయ࡟ᑐ
ࡍࡿᙳ㡪ࡀᣲࡆࡽࢀࡿࠋγ-࢔࣑ࣀ㓗㓟 (γ-aminobutyric acid: GABA) ࡣ୰ᯡ⚄⤒⣔࡟
࠾ࡅࡿ௦⾲ⓗ࡞ᢚไ⣔⚄⤒ఏ㐩≀㉁࡛࠶ࡾࠊ⚄⤒Ⓨ⏕ࠊࢩࢼࣉࢫྍረᛶࠊᵝࠎ࡞⚄⤒ά
ື࡟࠾࠸࡚㔜せ࡞ᙺ๭ࢆᯝࡓࡍࠋ30 nM TBT ࢆᮍᡂ⇍⚄⤒⣽⬊࡟᭚㟢ࡍࡿࡇ࡜࡛ 
GABA ᛶࢩࢼࣉࢫᚋ㟁ὶ㢖ᗘࡢῶᑡࡀㄆࡵࡽࢀࡿࡀࠊᡂ⇍⚄⤒⣽⬊࡟࠾࠸࡚ࡣࡇࡢస
⏝ࡣㄆࡵࡽࢀ࡞࠸ࠋࡇࡢࡇ࡜࠿ࡽࠊTBT ࡣࢩࢼࣉࢫ᪂⏕ࡢึᮇⓎ㐩ẁ㝵࡟ᙳ㡪ࢆཬࡰ
ࡍࡇ࡜ࡀ♧၀ࡉࢀࡿ (Yamada et a., 2010)ࠋࡑࡢཎᅉ࡜ࡋ࡚ࠊTBT ࡣ Cl㸫/OH㸫࢔ࣥࢳ
࣏࣮ࢱ࣮࡜ࡋ࡚ാࡃࡓࡵ (Tosteson and Wieth, 1979)ࠊࡑࡢస⏝࡟ࡼࡾ Cl㸫 ࣓࣍࢜ࢫ
ࢱࢩࢫࡀ◚⥢ࡋ᭱⤊ⓗ࡟⣽⬊ෆ Cl㸫 ⃰ᗘ౫Ꮡⓗ࡞ GABA ⣔ࢩࢫࢸ࣒࡟ᙳ㡪ࢆ୚࠼࡚
࠸ࡿࡇ࡜ࡀᣲࡆࡽࢀࡿࠋࡉࡽ࡟ࠊTMT ࡢᢞ୚࡟ࡼࡾ࣐࢘ࢫ⬻࡟࠾ࡅࡿ GABAA ཷᐜయ
ࢧࣈࣘࢽࢵࢺࠊGABAB ཷᐜయࢧࣈࣘࢽࢵࢺࠊGABA 㛵㐃㑇ఏᏊ㸦ᑠ⬊ GABA ࢺࣛࣥ
ࢫ࣏࣮ࢱ࣮ࡸࢢࣝࢱ࣑ࣥ㓟ࢹ࢝ࣝ࣎࢟ࢩ࣮ࣛࢮ࡞࡝㸧ࡢⓎ⌧㔞ࡀኚ໬ࡍࡿࡇ࡜ 
(Nishimura et al., 2001; Kim et al., 2015) ࡸࠊ࢔ࣇࣜ࢝ࢶ࣓࢚࢞ࣝ༸ẕ⣽⬊Ⓨ⌧⣔ࢆ
⏝࠸ࡓᐇ㦂࡟ࡼࡾࠊTMT ࡣ μM ࣮࢜ࢲ࣮࡛ GABAA ཷᐜయࢳࣕࢿࣝࢆ㜼ᐖࡍࡿࡇ࡜
ࡀሗ࿌ࡉࢀ࡚࠸ࡿ (Krüger et al., 2005)ࠋ 
 ࢢࣝࢱ࣑ࣥ㓟ࡣ୰ᯡ⚄⤒⣔࡟࠾ࡅࡿ୺せ࡞⯆ዧᛶ⚄⤒ఏ㐩≀㉁࡛࠶ࡾࠊࢢࣝࢱ࣑ࣥ㓟
ཷᐜయࡣ⚄⤒⣽⬊ࡢ⏕Ꮡࡸᡂ⇍࡟㛵୚ࡋ (Blandini et al., 1996; Monti et al., 2002; 
Hirasawa et al., 2003)ࠊᏛ⩦ࡸグ᠈࡟୰ᚰⓗ࡞ᙺ๭ࢆᢸ࠺ࡇ࡜ࡀ▱ࡽࢀ࡚࠸ࡿࠋ⯆ዧẘ
ᛶࡸ⬻⹫⾑࡟㉳ᅉࡍࡿࢢࣝࢱ࣑ࣥ㓟ཷᐜయࢆ௓ࡋࡓ⚄⤒⣽⬊࡬ࡢ࢝ࣝࢩ࣒࢘ὶධࡣ࢝
ࣝࢩ࣒࢘౫Ꮡᛶࢱࣥࣃࢡ㉁࡞࡝ࡢᵝࠎ࡞⣽⬊ෆࢩࢢࢼࣝ࢝ࢫࢣ࣮ࢻࢆ㐣๫࡟άᛶ໬ࡋࠊ
⚄⤒⣽⬊࡟ࢲ࣓࣮ࢪࢆ୚࠼ࡿྍ⬟ᛶࡀ⪃࠼ࡽࢀ࡚࠸ࡿ (Choi, 1988; Tymianski, 1996; 
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Ying et al., 1997)ࠋ࢖࢜ࣥࢳࣕࢿࣝᆺࢢࣝࢱ࣑ࣥ㓟ཷᐜయࡣ୺࡟ࠊN-methyl-D-
aspartate (NMDA) ཷᐜయ࡜ α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid 
(AMPA) ཷᐜయࡢ 2 ✀㢮࡟኱ูࡉࢀࡿࠋNMDA ཷᐜయࡣ୺ࢧࣈࣘࢽࢵࢺࡢ NR1 ࡜
๪ࢧࣈࣘࢽࢵࢺࡢ NR2 ཬࡧ NR3 ࡢࣇ࢓࣑࣮ࣜ࠿ࡽᵓᡂࡉࢀࠊ๪ࢧࣈࣘࢽࢵࢺࡢᵓ
ᡂࡣ⚄⤒⣽⬊ࡢⓎ㐩ẁ㝵࡟ࡼࡗ࡚ኚ໬ࡍࡿࠋࡑࢀࡒࢀࡢࢧࣈࣘࢽࢵࢺࡣ≉␗ⓗ࡞ᙺ๭ࢆ
ᢸ࠸ࠊNMDA ཷᐜయࡢࢳࣕࢿࣝࡢᛶ㉁ࡸ⣽⬊ෆᒁᅾࢆỴᐃࡍࡿ (Luo et al., 2011)ࡓࡵࠊ
NMDA ཷᐜయࡢᵓᡂኚ໬ࡣ⚄⤒ࡢάᛶࡸ⏕Ꮡ࡟ᙳ㡪ࢆ୚࠼ࡿ࡜⪃࠼ࡽࢀࡿࠋ୍᪉ࠊ
AMPA ཷᐜయࡣ GluR1 ࠿ࡽ GluR4 ࡢ 4 ✀㢮ࡢࢧࣈࣘࢽࢵࢺࡢ࣍ࣔࡲࡓࡣ࣊ࢸࣟ
ᅄ㔞య࡟ࡼࡾᵓᡂࡉࢀࡿཷᐜయ࡛࠶ࡾ AMPA ཷᐜయࡢࢧࣈࣘࢽࢵࢺࡢ࠺ࡕ GluR2 
ࡣᾏ㤿㗹య⣽⬊ࡸ㢛⢏⣽⬊ (Hollmann and Heinemann, 1994)ࠊ኱⬻⓶㉁⣽⬊ (Kondo 
et al., 1997) ➼࡟ᖜᗈࡃⓎ⌧ࡋ࡚࠸ࡿࠋAMPA ཷᐜయࡢ࢝ࣝࢩ࣒࢘㏱㐣ᛶࡣ GluR2 
ࡢ᭷↓࡟ࡼࡾỴᐃࡉࢀࠊGluR2 Ḟᦆ AMPA ཷᐜయࢆࡶࡘ⚄⤒⣽⬊ࡣ㧗࠸࢝ࣝࢩ࣒࢘




Figure 1. Ca2+-permeability of AMPA receptors depend on the subunit composition. 
(Liu and Zukin, 2007) 
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 ᡃࠎࡢ◊✲ᐊ࡛ࡣ௨๓ࡼࡾࢢࣝࢱ࣑ࣥ㓟ཷᐜయࢆ௓ࡋࡓ TBT ࡢ⚄⤒ẘᛶ࣓࢝ࢽࢬ
࣒ࡢ◊✲࡟╔ᡭࡋ࡚࠸ࡿࠋࣛࢵࢺ኱⬻⓶㉁ึ௦⚄⤒⣽⬊࡟ 500 nM ࡢ TBT ࢆ᭚㟢ࡍ
ࡿࡇ࡜࡛⣽⬊እ࡟㐣๫㔞ࡢࢢࣝࢱ࣑ࣥ㓟ࡀᨺฟࡉࢀࠊ⚄⤒⣽⬊ṚࡀㄏⓎࡉࢀࡿࡇ࡜ࢆ 
Nakatsu ࡽࡀ᫂ࡽ࠿࡟ࡋࡓ (Nakatsu et al., 2006)ࠋࡇࡢ⚄⤒⣽⬊Ṛࡣ AMPA ཷᐜయ
ࡢ㜼ᐖ๣࡛࠶ࡿ 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) ࠾ࡼࡧ NMDA ཷᐜ
యࡢ㜼ᐖ๣࡛࠶ࡿ MK-801 ࡟ࡼࡾᅇ᚟ࡍࡿࡇ࡜࠿ࡽࠊTBT ࡟ࡼࡾㄏⓎࡉࢀࡿ⚄⤒⣽
⬊Ṛࡣࢢࣝࢱ࣑ࣥ㓟ཷᐜయࡀ㛵୚ࡋ࡚࠸ࡿࡇ࡜ࡀ♧၀ࡉࢀࡿࠋࡉࡽ࡟ᡃࠎࡣࠊ༢⊂࡛ࡣ
⚄⤒⣽⬊Ṛࢆᘬࡁ㉳ࡇࡉ࡞࠸⃰ᗘ࡛࠶ࡿ 20 nM ࡢ TBT ࡀࠊࢢࣝࢱ࣑ࣥ㓟ཷᐜయࡢࢧ
ࣈࣘࢽࢵࢺ࡛࠶ࡿ NR1ࠊNR2AࠊGluR1ࠊGluR2 ࡢⓎ⌧ࢆῶᑡࡉࡏࠊNR2BࠊGluR3ࠊ
GluR4 ࡢⓎ⌧ࢆୖ᪼ࡉࡏࡿࡇ࡜ࢆぢฟࡋࡓ (Nakatsu et al., 2009)ࠋ20 nM ࡢ TBT 
ࢆ 9 ᪥㛫᭚㟢ࡋࡓ⚄⤒⣽⬊࡟ࢢࣝࢱ࣑ࣥ㓟่⃭ࢆຍ࠼ࡓ⤖ᯝࠊ⣽⬊ෆ࡬ࡢ Ca2+ ὶධ
ࡀቑ኱ࡋࠊࡑࢀ࡟క࠸⚄⤒⣽⬊Ṛࡢቑᙉࡶㄆࡵࡽࢀࡓ (Nakatsu et al., 2009)ࠋGluR2 
Ⓨ⌧పୗࡣ࣐࢘ࢫ࡟ᑐࡍࡿ TBT ࡢ⫾⏕ᮇ᭚㟢࡟ࡼࡗ࡚ࡶᘬࡁ㉳ࡇࡉࢀࡿ (Ishida et 
al., 2017a)ୖࠋ ㏙ࡢ㏻ࡾࠊGluR2 ࢧࣈࣘࢽࢵࢺࡣ AMPA ཷᐜయࡢ Ca2+ ㏱㐣ᛶࢆỴᐃ
ࡍࡿࢧࣈࣘࢽࢵࢺ࡛࠶ࡾࠊGluR2 Ⓨ⌧㔞ࡀῶᑡࡋࡓࡇ࡜࡛ AMPA ཷᐜయࡢ Ca2+ ㏱
㐣ᛶࡀୖ᪼ࡋࡓ⤖ᯝࠊࢢࣝࢱ࣑ࣥ㓟่⃭࡟ᑐࡋ࡚⚄⤒⣽⬊ࡀ⬤ᙅ໬ࡋࡓ࡜ண᝿ࡉࢀࡿࠋ
ࡋࡓࡀࡗ࡚ GluR2 ࡢⓎ⌧㔞పୗࡣࠊప⃰ᗘ TBT ࡢ⚄⤒ẘᛶ࣓࢝ࢽࢬ࣒࡟㛵୚ࡍࡿ࡜
⪃࠼ࡽࢀࡿࠋࡑࡇ࡛ࠊᮏ◊✲࡛ࡣ TBT ࡟ࡼࡿ GluR2 Ⓨ⌧ῶᑡ࣓࢝ࢽࢬ࣒ࢆ᳨ウࡍࡿ








➨ 2 ❶ ኱⬻⓶㉁ึ௦⚄⤒⣽⬊࡟ᑐࡍࡿ TBT ࡢẘᛶᙳ㡪 
 
➨ 1 ⠇ ⥴ゝ 
 ௨๓ࡢሗ࿌࡛ࠊ᪤▱ࡢẘᛶⓎ⌧⃰ᗘ࡜ẚ࡭࡚ప࠸⃰ᗘ࡛࠶ࡿ 20 nM ࡢ TBT ᭚㟢࡟
ࡼࡾ GluR2 Ⓨ⌧㔞ࡀῶᑡࡋࠊ⚄⤒⣽⬊ࡀ⬤ᙅ࡟࡞ࡿࡇ࡜ࢆ♧ࡋࡓ (Nakatsu et al., 
2009)ࠋࢱࣥࣃࢡ㉁Ⓨ⌧ῶᑡ࣓࢝ࢽࢬ࣒࡟ࡣࢱࣥࣃࢡ㉁ࡢྜᡂ㜼ᐖ࡜ศゎಁ㐍ࡀ⪃࠼ࡽ
ࢀࡿࡀࠊ20 nM ࡢ TBT 9 ᪥㛫᭚㟢࡟ࡼࡾ GluR2 mRNA ࡢపୗࡀㄆࡵࡽࢀࡿࡇ࡜࠿
ࡽࠊTBT ࡣ GluR2 ࡢ㌿෗ࢆ㜼ᐖࡋ࡚࠸ࡿྍ⬟ᛶࡀ⪃࠼ࡽࢀࡿࠋࡑࡇ࡛ᮏ◊✲࡛ࡣࠊ
TBT ࡀ GluR2 ࡢ㌿෗ᅉᏊ࡟୚࠼ࡿᙳ㡪ࢆホ౯ࡋࡓࠋ 
 
➨ 2 ⠇ TBT᭚㟢࡟ࡼࡿ⚄⤒⣽⬊⏕Ꮡ⋡࡬ࡢᙳ㡪 
 ึࡵ࡟ࠊNakatsu ࡽࡀ᫂ࡽ࠿࡟ࡋࡓࠕ20 nM TBT ᭚㟢࡟ࡼࡿ⚄⤒⣽⬊⬤ᙅ໬ 
(Nakatsu et al., 2009)ࠖࡀᮏᐇ㦂⣔࡟࠾࠸࡚ࡶㄆࡵࡽࢀࡿ࠿ྰ࠿ࢆ᳨ドࡋࡓࠋࣛࢵࢺ኱
⬻⓶㉁ึ௦⚄⤒⣽⬊࡟ 20 nM TBT ࢆ 9 ᪥㛫᭚㟢ᚋࢢࣝࢱ࣑ࣥ㓟ࢆ 24 ᫬㛫ῧຍࡋࠊ
⣽⬊⏕Ꮡ⋡ࢆホ౯ࡋࡓ࡜ࡇࢁࠊ50 μM ࢢࣝࢱ࣑ࣥ㓟ῧຍ᫬࡟ࢥࣥࢺ࣮ࣟࣝࡢ⚄⤒⣽⬊
࡜ẚ㍑ࡋ࡚ TBT ࢆᣢ⥆ⓗ࡟᭚㟢ࡋࡓ⚄⤒⣽⬊࡟࠾࠸࡚⣽⬊⏕Ꮡ⋡ࡢపୗࡀㄆࡵࡽࢀ
ࡓࠋࡉࡽ࡟ࠊࡇࡢ⣽⬊⏕Ꮡ⋡పୗࡣ GluR2 ࢆྵࡲ࡞࠸ AMPA ཷᐜయ㑅ᢥⓗ࢔ࣥࢱࢦ





















Figure 2. Effect of TBT exposure on glutamate toxicity in primary cortical neurons. 
Cortical neurons were exposed to 50-100 μM glutamate for 24h with or without 300 
μM 1-naphtyl acetyl spermine (NAS) after TBT exposure and cell viability was 
measured. The data are expressed as the mean + S.E.M. (n=4). ***P< 0.001 vs. 






➨ 3 ⠇ TBT ᭚㟢࡟ࡼࡿ GluR2Ⓨ⌧㔞࡬ࡢᙳ㡪 
 Nakatsu ࡽࡢሗ࿌࡛ࡣࠊ20 nM TBT ࡢ 9 ᪥㛫᭚㟢࡛ GluR2 ࡢࢱࣥࣃࢡ㉁࠾ࡼࡧ 
mRNA ࡢⓎ⌧㔞ࡀపୗࡍࡿࡇ࡜ࢆ♧၀ࡋ࡚࠸ࡿࡀ (Nakatsu et al., 2009)ࠊGluR2 Ⓨ
⌧㔞ࢆῶᑡࡉࡏࡿࡢ࡟ᚲせ࡞ TBT ࡢ᭚㟢᫬㛫࡟㛵ࡋ࡚ࡣ᫂ࡽ࠿࡟࡞ࡗ࡚࠸࡞࠸ࠋࡑࡇ
࡛ TBT ࡢ᫬㛫౫Ꮡⓗ࡞ᙳ㡪ࢆホ౯ࡍࡿࡓࡵ࡟ࠊࣛࢵࢺ኱⬻⓶㉁ึ௦⚄⤒⣽⬊࡟ 20 
nM ࡢ TBT ࢆᵝࠎ࡞᫬㛫࡛᭚㟢ᚋࠊࢱࣥࣃࢡ㉁࠾ࡼࡧ mRNA Ⓨ⌧㔞ࢆホ౯ࡋࡓࠋࡑ
ࡢ⤖ᯝࠊࢱࣥࣃࢡ㉁Ⓨ⌧㔞ࡣ᭚㟢ᚋ 3 ᪥┠࠿ࡽ (Fig. 3a)ࠊmRNA Ⓨ⌧㔞ࡣ᭚㟢ᚋ 3 
᫬㛫ᚋ࠿ࡽ᭷ព࡞ῶᑡࡀㄆࡵࡽࢀࡓ (Fig. 3b)ࠋ 
  
Figure 3. TBT-induced changes in GluR2 whole cell protein and mRNA expression.  
(a) Cortical neurons were exposed to DMSO (as a control) or 20 nM TBT for various 
times, and then GluR2 protein expression was detected by western blotting. 
Quantitative analysis was performed using Image J software, and the GluR2 protein 
levels were corrected based on the β-actin protein levels. The data are expressed as 
the mean + S.E.M. (n = 5). * p < 0.05 vs. control, ** p < 0.01 vs. control (Student’s t-
test). (b) Cortical neurons were exposed to DMSO or 20 nM TBT for various times, 
and then GluR2 mRNA expression was measured by real-time PCR. The mRNA level 
was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The data 
are expressed as the mean + S.E.M. (n = 3), * p < 0.05 vs. control, ** p < 0.01 vs. 
control (Student’s t-test). 
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GluR2 ࡣࡑࡢ C ᮎ➃ࡀ AMPA ཷᐜయࡢ㍺㏦࡟㛵୚ࡋ࡚࠾ࡾࠊglutamate receptor 
interacting protein (GRIP)ࠊprotein interacting with C kinase 1 (PICK1) ࡞࡝ࡢࢱࣥ
ࣃࢡ㉁࡜⤖ྜࡋཷᐜయࡢ⭷㍺㏦ࡀㄪ⠇ࡉࢀ࡚࠸ࡿ (Dong et al., 1997; Wyszynski et al., 
2002; Xia et al., 1999)ࠋGRIP ࡸ PICK1 ࡢ GluR2 C ᮎ㡿ᇦ࡬ࡢ⤖ྜࡣ protein 
kinase C (PKC) ࡟ࡼࡾไᚚࡉࢀ࡚࠾ࡾࠊPKC ࡟ࡼࡾ 880 ␒┠ࡢࢭࣜࣥࡀࣜࣥ㓟໬ࡉ
ࢀࡓ GluR2 ࡣ GRIP ࡜ࡢ⤖ྜ⬟ࡀపୗࡋࠊෆ㒊⛣⾜ࡀᘬࡁ㉳ࡇࡉࢀࡿ (Chung et al., 
2000; Matsuda et al., 2000)ࠋࡇࡢࡼ࠺࡞ㄪ⠇ࡣࠊ≉ᐃࡢ㐠ືᏛ⩦࡟㔜せ࡛࠶ࡿࢩࢼࣉ
ࢫࡢ㛗ᮇᢚไ (long-term depression; LTD) ࡟୙ྍḞ࡛࠶ࡿ࡜ゝࢃࢀ࡚࠸ࡿࠋࡉࡽ࡟ 
PKC ࡢ࢔࢖ࢯࣇ࢛࣮࣒࡛࠶ࡿ PKMζ ࡀ N-ethylmaleimide-sensitive factor (NSF) 
࡜ GluR2 ࡢ⤖ྜࢆಁ㐍ࡉࡏࠊ⣽⬊⭷ୖ࡛ࡢ GluR2 Ⓨ⌧ࢆᏳᐃࡉࡏࡿࡇ࡜࡛㛗ᮇグ᠈
ࢆ⥔ᣢࡉࡏࡿࡇ࡜ࡀ♧၀ࡉࢀ࡚࠸ࡿ (Migues et al., 2010; Pastalkova et al., 2006; 




















 ㏻ᖖ≧ែ࡟࠾࠸࡚ AMPA ཷᐜయࡣ⣽⬊㉁࡜⣽⬊⭷ࢆ ᚟ࡋ࡚࠸ࡿࡓࡵࠊᐇ㝿࡟ 
AMPA ཷᐜయ࡜ࡋ࡚ᶵ⬟ࡋ࡚࠸ࡿ⣽⬊⭷ୖࡢ GluR2 Ⓨ⌧㔞ࡣ⣽⬊㉁࡟࠾ࡅࡿⓎ⌧㔞
ࢆ཯ᫎࡋ࡚࠸ࡿ࡜⪃࠼ࡽࢀࡿࠋࡋࡓࡀࡗ࡚ࠊFig. 3 ࡛ㄆࡵࡽࢀࡓ TBT ᭚㟢࡟ࡼࡿ⣽⬊
඲యࡢ GluR2 Ⓨ⌧㔞పୗࡣࠊ⣽⬊⭷ୖ࡟࠾࠸࡚ࡶྠᵝ࡟ㄆࡵࡽࢀࡿ࡜ண᝿ࡉࢀࡿࠋࡑ
ࡇ࡛ࠊ⣽⬊⭷࡟࠾ࡅࡿ GluR2 Ⓨ⌧㔞ࢆ࢚࢘ࢫࢱࣥࣈࣟࢵࢸ࢕ࣥࢢ࡛ホ౯ࡋࡓ࡜ࡇࢁࠊ
TBT ᭚㟢࡟ࡼࡾⓎ⌧㔞ࡢపୗࡀㄆࡵࡽࢀࡓ (Fig. 5a)ࠋࡉࡽ࡟ච␿ᰁⰍἲࢆ⏝࠸࡚ 
GluR2 ࡜⣽⬊⭷ࢱࣥࣃࢡ㉁࡛࠶ࡿ N-cadherin ࡢᒁᅾࢆホ౯ࡋࡓ࡜ࡇࢁࠊTBT ࡜ N-
cadherin ࡢඹᒁᅾࣞ࣋ࣝࡢపୗࡀㄆࡵࡽࢀࡓ (Fig. 5b)ࠋ௨ୖࡢ⤖ᯝࡼࡾࠊTBT ᭚㟢




Figure 5 TBT-induced changes in GluR2 membrane protein expression. 
(a) Cortical neurons were exposed to DMSO or 20 nM TBT for 9 days. The cell surface 
proteins were then biotinylated, and detected by western blotting; (b) Cortical 
neurons were exposed to DMSO or 20 nM TBT for 9 days, and immunostaining was 
performed using a mouse anti-GluR2 antibody that recognizes the N-terminal 
extracellular domain of GluR2 (green), and a rabbit anti-N-cadherin antibody (red). 






➨ 4 ⠇ TBT ᭚㟢࡟ࡼࡿ㌿෗ᅉᏊࡢ DNA ⤖ྜάᛶホ౯ 
 GluR2 ࡢ mRNA Ⓨ⌧㔞ࡣᵝࠎ࡞㌿෗ᅉᏊ࡟ࡼࡗ࡚ㄪ⠇ࡉࢀ࡚࠸ࡿࠋ≉࡟ࠊGluR2 
ࡢ㌿෗ಁ㐍ᅉᏊ࡜ࡋ࡚  nuclear respiratory factor-1 (NRF-1) ࡜  Sp-family 
transcription factor (Sp1)ࠊ㌿෗ᢚไᅉᏊ࡜ࡋ࡚ RE-1-silencing transcription factor 
(REST) (ูྡ㸸neuron restrictive silencer factor (NRSF)) ࡀሗ࿌ࡉࢀ࡚࠾ࡾ (Myers 
et al., 1998; Dhar et al., 2009a)ࠊࡇࢀࡽࡢ㌿෗ᅉᏊࡣ GluR2 ࣉ࣮ࣟࣔࢱ࣮ࡢ-300㹼1 
ࡢ㡿ᇦ࡟⤖ྜ㒊఩ࡀᏑᅾࡍࡿ (Fig. 6)ࠋSp1 ࡣࣁ࢘ࢫ࣮࢟ࣆࣥࢢ㑇ఏᏊࡢ㌿෗ㄪ⠇࡞࡝
࡟㛵ࢃࡿ୍⯡ⓗ࡞㌿෗ᅉᏊ࡛࠶ࡿ (Wierstra, 2008)ࠋࡲࡓࠊREST ࡣ⬻⹫⾑࡞࡝࡟ࡼࡾ
ㄏᑟࡉࢀࠊGluR2 ࡢⓎ⌧ኚ໬ࡸ㌿෗άᛶࡢኚືࢆᘬࡁ㉳ࡇࡍ࡜ࡉࢀ࡚࠸ࡿ(Calderone 
et al., 2003)ࠋ 
 
 
Figure 6. Putative binding sites of transcription factors to rat GluR2 promoter. 
Partial nucleotide sequences of the rat GluR2 promoter, and the binding sites of 
NRF-1, Sp1, and REST. The 5′-most prominent initiation site is shown as the +1 







 TBT ࡟ࡼࡿ GluR2 Ⓨ⌧ῶᑡ࣓࢝ࢽࢬ࣒ࢆ᫂ࡽ࠿࡟ࡍࡿࡓࡵ࡟ࠊGluR2 ࣉ࣮ࣟࣔࢱ
࣮࡟࠾ࡅࡿ⤖ྜ㒊఩ࡢ࢜ࣜࢦࢾࢡࣞ࢜ࢳࢻ࡟ᑐࡍࡿ NRF-1 (Fig. 7a)ࠊ Sp1 (Fig. 7b)ࠊ 
REST (Fig. 7c) ࡢ⤖ྜ㔞ࢆࢤࣝࢩࣇࢺ࢔ࢵࢭ࢖ࢆ⏝࠸࡚ホ౯ࡋࡓࠋ 
ࡲࡎ NRF-1 ࡟㛵ࡋ࡚ࡣࠊspecific competitor ࡜ࡋ࡚ᶆ㆑ࡋ࡚࠸࡞࠸ NRF-1 ⤖ྜ
㓄ิࢆຍ࠼ࡿ࡜ࢩࣇࢺࣂࣥࢻࡀᾘ࠼ (lane 3)ࠊnon-specific competitor ࡜ࡋ࡚ࠊAP2 ⤖
ྜ㓄ิࢆຍ࠼ࡿ࡜ࣂࣥࢻࡀ⌧ࢀࡓࡇ࡜࠿ࡽ (lane 4)ࠊࡇࡢࢩࣇࢺࣂࣥࢻࡀ NRF-1 ࡛࠶
ࡿࡇ࡜ࡀ☜ㄆ࡛ࡁࡓࠋࡲࡓࠊࢥࣥࢺ࣮ࣟࣝ (lane 5) ࡜ẚ࡭࡚ TBT ᭚㟢 3 ᫬㛫 (lane 
6)ࠊ24 ᫬㛫 (lane 7) ࡛ NRF-1 ࡢ DNA ⤖ྜάᛶపୗࡀㄆࡵࡽࢀࡓࠋ 
 Sp1 ࡟㛵ࡋ࡚ࡣ specific competitor ࡜ࡋ࡚ᶆ㆑ࡋ࡚࠸࡞࠸ Sp1 ⤖ྜ㓄ิࢆຍ࠼ࡿ
࡜ࢩࣇࢺࣂࣥࢻࡀᾘ࠼ (lane 3)ࠊ non-specific competitor ࡜ࡋ࡚ AP1 ⤖ྜ㓄ิࢆຍ
࠼ࡿ࡜ࢩࣇࢺࣂࣥࢻࡀ⌧ࢀࡓࡇ࡜࠿ࡽ (lane 4)ࠊࡇࡢࢩࣇࢺࣂࣥࢻࡀ Sp1 ࡛࠶ࡿࡇ࡜
ࡀ☜ㄆ࡛ࡁࡓࠋࡲࡓࠊࢥࣥࢺ࣮ࣟࣝ (lane 5) ࡜ẚ㍑ࡋࠊTBT᭚㟢 (lane 6) ࡟࠾࠸࡚ࢩ
ࣇࢺࣂࣥࢻ࡟㢧ⴭ࡞ኚ໬ࡣㄆࡵࡽࢀ࡞࠿ࡗࡓࠋ 
REST ࡟࠾࠸࡚ࡣࠊspecific competitor ࡜ࡋ࡚ᶆ㆑ࡋ࡚࠸࡞࠸ REST ⤖ྜ㓄ิࢆຍ
࠼ࡿ࡜ࢩࣇࢺࣂࣥࢻࡀᾘ࠼ (lane 3)ࠊnon-specific competitor ࡜ࡋ࡚ AP2 ⤖ྜ㓄ิࢆ
ຍ࠼ࡿ࡜ࢩࣇࢺࣂࣥࢻࡀ⌧ࢀࡓࡇ࡜࠿ࡽ (lane 4)ࠊࡇࡢࢩࣇࢺࣂࣥࢻࡀ REST ࡛࠶ࡿ























































Figure 7. Effect of TBT on the binding activity of NRF-1, Sp1, and REST to their 
putative binding sites. 
Nuclear proteins were extracted from DMSO- or TBT-exposed cortical neurons, 
and the DNA binding activities of NRF-1 (a), Sp1 (b), and REST (c) were analyzed 
by gel shift assay. An excess of specific (lane 3) or non-specific (lane 4) 
oligonucleotides was added as a competitor. DMSO-treated nuclear extracts (lane 5) 
and TBT-treated nuclear extracts (lane 6 and 7) were incubated with 32P-labelled 
oligonucleotides containing the GluR2 promoter region, and DNA–protein complexes 
were separated from free DNA probes by gel electrophoresis. The arrows show 







 ḟ࡟ࠊGluR2 ࣉ࣮ࣟࣔࢱ࣮࡟ᑐࡍࡿ NRF-1 ࡢ⤖ྜάᛶࢆホ౯ࡍࡿࡓࡵ࡟ࠊ኱⬻
⓶㉁ึ௦⚄⤒⣽⬊࡟ 20 nM TBT ࢆ 3 ᫬㛫ࠊ3 ᪥㛫ࠊ9 ᪥㛫᭚㟢ࡋࠊᢠ NRF-1 ᢠయ
ࢆ⏝࠸ࡓࢡ࣐ࣟࢳࣥච␿ỿ㝆ࢆ⾜ࡗࡓࠋࡑࡢ⤖ᯝࠊNRF-1 ࡢ GluR2 ࣉ࣮ࣟࣔࢱ࣮࡟
ᑐࡍࡿ⤖ྜ㔞ࡀ TBT ᭚㟢 3 ᫬㛫ᚋ࠿ࡽῶᑡࡋ (Fig. 8)ࠊࢤࣝࢩࣇࢺ࢔ࢵࢭ࢖࡛ᚓࡽ
ࢀࡓ⤖ᯝ࡜୍⮴ࡋࡓࠋ 













Figure 8. Effect of TBT on NRF-1 binding activity to GluR2 promoter. 
Cortical neurons were exposed to DMSO as a control or 20 nM TBT for various times, 
and then the NRF-1 binding activity to the GluR2 promoter was examined by ChIP 
assay using NRF-1 antibody. Purified DNA samples were subjected to quantitative 
real-time PCR analyses, and the DNA levels were corrected relative to the input 
sample. The data are expressed as the mean + S.E.M. (n = 5). * p < 0.05 vs. control 






➨ 5 ⠇ TBT ᭚㟢࡟ࡼࡿ COX4, COX6c, cytochrome c mRNA ࠾
ࡼࡧ⣽⬊ෆ ATP㔞࡬ࡢᙳ㡪 
➨ 4 ⠇ࡼࡾ TBT ࡣ NRF-1 ࢆ≉␗ⓗ࡟㜼ᐖࡍࡿࡇ࡜࡛ GluR2 Ⓨ⌧㔞ࡢపୗࢆ
ᘬࡁ㉳ࡇࡍࡇ࡜ࡀ♧၀ࡉࢀࡓࠋNRF-1 ࡣ GluR2 ௨እ࡟ࡶ࣑ࢺࢥࣥࢻࣜ࢔㛵㐃㑇ఏᏊ
࡛࠶ࡿ cytochrome c (cyt.c) ࡸ cytochrome c oxidase (COX) ➼ࡢ㌿෗ᅉᏊ࡜ࡋ࡚ാࡃ
ࡇ࡜ࡀሗ࿌ࡉࢀ࡚࠸ࡿ (Virbasius et al., 1994; Scarpulla, 2006; Dhar et al., 2008)ࠋࡑ
ࡇ࡛ࠊTBT ࡣ NRF-1 ࢆ㜼ᐖࡍࡿࡇ࡜࡛ GluR2 ௨እࡢ NRF-1 ୗὶ㑇ఏᏊ࡟ᑐࡋ࡚
ࡶ㌿෗ᢚไࢆᘬࡁ㉳ࡇࡍ࠿ྰ࠿࡟ࡘ࠸᳨࡚ドࡋࡓࠋ኱⬻⓶㉁ึ௦⚄⤒⣽⬊࡟ 20 nM 
TBT ࢆྛ᫬㛫᭚㟢ᚋࠊCOX4ࠊCOX6cࠊcyt.c ࡢ mRNA Ⓨ⌧㔞ࢆホ౯ࡋࡓ࡜ࡇࢁࠊTBT 
9 ᪥㛫᭚㟢࡟࠾࠸࡚ࡑࢀࡽࡢ mRNA Ⓨ⌧㔞ࡢపୗࡀㄆࡵࡽࢀࡓ (Fig. 9a)ࠋ 
ࡲࡓࠊCOX4ࠊCOX6cࠊcyt.c ࡣ࣑ࢺࢥࣥࢻࣜ࢔ࡢ㓟໬ⓗࣜࣥ㓟໬཯ᛂࢆ௓ࡋࡓ ATP 
⏘⏕࡟㛵୚ࡍࡿࠋࡑࡇ࡛⣽⬊ෆ ATP 㔞ࢆホ౯ࡋࡓ࡜ࡇࢁࠊ20 nM TBT 9 ᪥㛫᭚㟢࡟
ࡼࡾࢥࣥࢺ࣮ࣟࣝ࡜ẚ㍑ࡋ࡚ 88% ࡲ࡛ ATP 㔞ࡢపୗࡀㄆࡵࡽࢀࡓ (Fig. 9b)ࠋ 
௨ୖࡢ⤖ᯝࡼࡾࠊTBT ࡣ NRF-1 ࢆ㜼ᐖࡍࡿࡇ࡜࡛ cyt.cࠊCOX4ࠊCOX6c ࡢⓎ⌧








































Figure 9. TBT-induced changes in COX4, COX6c, and cyt.c mRNA expression, and 
intracellular ATP content.  
(a) Cortical neurons were exposed to DMSO or 20 nM TBT for various times, and 
then the mRNA expression of cyt.c, COX4, and COX6c was measured by real-time 
PCR. The data are expressed as the mean + S.E.M. (n = 3). * p < 0.05 vs. control 
(Student’s t-test). (b) Cortical neurons were exposed to 20 nM TBT for various times, 
and the intracellular ATP content was measured. The data are expressed as the 




➨  6 ⠇ TBT ࡟ࡼࡿ NRF-1, PGC-1α ࢱࣥࣃࢡ㉁࠾ࡼࡧ 
mRNAⓎ⌧㔞࡬ࡢᙳ㡪 
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) 
ࡣ NRF-1 ࢆྵࡴᵝࠎ࡞㌿෗ᅉᏊ࡜⤖ྜࡋࠊ㌿෗ㄪ⠇࡟㔜せ࡞ᙺ๭ࢆᯝࡓࡍ㌿෗ඹᙺᅉ
Ꮚ࡛࠶ࡿࠋࡋࡓࡀࡗ࡚ࠊPGC-1α ࡢⓎ⌧㔞ࡀኚ໬ࡋࡓሙྜ NRF-1 ࡢάᛶࡶᙳ㡪ࢆཷࡅ
ࡿ࡜⪃࠼ࡽࢀࡿࠋࡑࡇ࡛ࠊTBT ࡟ࡼࡿ NRF-1 㜼ᐖ࣓࢝ࢽࢬ࣒ࢆ᫂ࡽ࠿࡟ࡍࡿࡓࡵ࡟ࠊ
NRF-1 ࠾ࡼࡧ PGC-1α ࡢࢱࣥࣃࢡ㉁࡜ mRNA Ⓨ⌧㔞ࢆホ౯ࡋࡓࠋ኱⬻⓶㉁ึ௦⚄
⤒⣽⬊࡟ 20 nM TBT ࢆྛ᫬㛫᭚㟢ᚋࠊNRF-1 ࠾ࡼࡧ PGC-1α ࡢࢱࣥࣃࢡ㉁Ⓨ⌧㔞
ࢆホ౯ࡋࡓ࡜ࡇࢁࠊPGC-1α ࢱࣥࣃࢡ㉁Ⓨ⌧㔞ࡢ㢧ⴭ࡞ኚືࡣㄆࡵࡽࢀ࡞࠿ࡗࡓࡶࡢࡢࠊ
NRF-1 ࢱࣥࣃࢡ㉁Ⓨ⌧㔞ࡣ TBT 9 ᪥㛫᭚㟢࡟ࡼࡗ࡚᭷ព࡟పୗࡋࡓ (Fig. 10a-c)ࠋྠ
ᵝ࡟ mRNA Ⓨ⌧㔞࡟㛵ࡋ࡚ࡶホ౯ࡋࡓ࡜ࡇࢁࠊPGC-1α mRNA Ⓨ⌧㔞࡟㢧ⴭ࡞ኚື
ࡣㄆࡵࡽࢀ࡞࠿ࡗࡓࡶࡢࡢࠊNRF-1 mRNA Ⓨ⌧㔞ࡣ TBT 9 ᪥㛫᭚㟢࡟ࡼࡾ᭷ព࡟ప
ୗࡋࡓ (Fig. 10d, 10e)ࠋ 


















Figure 10. Effect of TBT on NRF-1 and PGC-1α expression.  
(a) Cortical neurons were exposed to DMSO or 20 nM TBT for various times, then 
NRF-1 and PGC-1α protein expression was detected by western blotting. 
Quantitative analysis of the NRF-1 (b) and PGC-1α (c) protein expression was 
performed using Image J software, and protein levels were corrected based on β-actin 
protein levels. The data are expressed as the mean + S.E.M. (n = 3). *** p < 0.001 vs. 
control (Student’s t-test). Cortical neurons were exposed to DMSO or 20 nM TBT for 
various times, and then NRF-1 (d) and PGC-1α (e) mRNA expression was measured 
by real-time PCR. The data are expressed as the mean + S.E.M. (n = 4). *** p < 0.001 
vs. control (Student’s t-test). 
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➨ 7 ⠇ TBT ࡟ࡼࡿ NRF-1, PGC-1α ᰾Ⓨ⌧㔞࡟ᑐࡍࡿᙳ㡪 
⣽⬊㉁࡛ྜᡂࡉࢀࡓ㌿෗ᅉᏊࡣ᰾ෆ࡟⛣⾜ࡋୗὶ㑇ఏᏊࡢⓎ⌧ㄪ⠇ࢆ⾜࠺ࡓࡵࠊ
NRF-1 άᛶపୗࡢ୍ᅉ࡜ࡋ࡚᰾⛣⾜ࡢపୗࡀ⪃࠼ࡽࢀࡿࠋࡑࡇ࡛኱⬻⓶㉁ึ௦ᇵ㣴⚄
⤒⣽⬊࡟ 20 nM TBT ࢆྛ᫬㛫᭚㟢ࡋࠊ᰾⏬ศ࡜⣽⬊㉁⏬ศࡢ NRF-1 ࠾ࡼࡧ PGC-
1α Ⓨ⌧㔞ࢆホ౯ࡋࡓ࡜ࡇࢁࠊ᰾࣭⣽⬊㉁Ⓨ⌧㔞ࡢẚࡣ࠸ࡎࢀࡶ TBT ᭚㟢࡟ࡼࡗ࡚ኚ
ືࡋ࡞࠿ࡗࡓ (Fig. 11a, 11b)ࠋ 
௨ୖࡢ⤖ᯝࡼࡾࠊTBT ᭚㟢࡟ࡼࡿ NRF-1 㜼ᐖ࣓࢝ࢽࢬ࣒࡟ NRF-1 ࠾ࡼࡧ PGC-
1α ࡢ᰾⛣⾜ኚືࡣ㛵୚ࡋ࡚࠸࡞࠸ࡇ࡜ࡀ♧၀ࡉࢀࡓࠋ 
 
Figure 11. Effect of TBT on NRF-1 and PGC-1_ nuclear translocation.  
Cytosolic proteins (a) and nuclear proteins (b) were extracted from DMSO- or TBT-
treated cortical neurons, and then NRF-1 and PGC-1α protein expression was 
detected by western blotting. Quantitative analysis was performed using Image J 
software, and the protein levels were corrected based on the β-tubulin and Lamin B 






➨ 8 ⠇ TBT ࡟ࡼࡿ NRF-1஧㔞యᙧᡂ࡟ᑐࡍࡿᙳ㡪 
NRF-1 ࡣ࣍ࣔ஧㔞యࢆᙧᡂࡍࡿࡇ࡜࡛ DNA ࡟ᑐࡍࡿ⤖ྜ⬟ࢆࡶࡘ (Gugneja et 
al., 1997)ࠋࡑࡇ࡛ࠊTBT ᭚㟢࡟ࡼࡿ NRF-1 ஧㔞యᙧᡂ࡟ᑐࡍࡿᙳ㡪ࢆホ౯ࡍࡿࡓࡵ
࡟ࠊ㑇ఏᏊᑟධຠ⋡ࡢ㧗࠸ HEK293T ⣽⬊ࢆ౑⏝ࡋࡓࠋHEK293T ⣽⬊࡟ green 
fluorescent protein (GFP)-hemagglutinin (HA) ࢱࢢࢆ⼥ྜࡋࡓ NRF-1 ࡜ HA ࢱࢢ
ࢆ⼥ྜࡋࡓ NRF-1 ࢆඹⓎ⌧ࡉࡏࡓᚋࠊ 20 nM TBT ࢆ 3 ᫬㛫᭚㟢ᚋࡢ GFP-HA-
NRF-1 ࡜ HA-NRF-1 ࡢ」ྜయᙧᡂ㔞ࢆホ౯ࡋࡓࠋࡑࡢ⤖ᯝࠊTBT ᭚㟢࡟ࡼࡿ NRF-
1 ஧㔞యᙧᡂࡢ㜼ᐖࡀㄆࡵࡽࢀࡓ (Fig. 12)ࠋ 
 
 
Figure 12. Effect of TBT on NRF-1 homo-dimerization. 
HEK 293T cells, co-expressing GFP-HAtagged NRF-1 (GFP-HA-NRF-1) and HA-
tagged NRF-1 (HA-NRF-1), were exposed to 20 nM TBT for 3 h, and total cell extracts 
were prepared. Crude proteins were immunoprecipitated with anti-GFP antibody 
and normal mouse IgG antibody (negative control), and western blotting was 
performed using anti-HA antibody. The immunoprecipitated HA-NRF-1 levels were 
corrected relative to the immunoprecipitated GFP-HA-NRF-1 levels. The data are 




➨ 9 ⠇ ᑠᣓ࠾ࡼࡧ⪃ᐹ 
➨ 2 ❶࡛ࡣ୺࡟ࣛࢵࢺ኱⬻⓶㉁ึ௦ᇵ㣴⚄⤒⣽⬊ࢆ⏝࠸࡚ప⃰ᗘ (20 nM) TBT ࡟
ࡼࡿ GluR2 Ⓨ⌧㔞ῶᑡ࣓࢝ࢽࢬ࣒ࡢゎ᫂ࢆ┠ⓗ࡟᳨ウࢆ⾜ࡗࡓࠋࡲࡎࠊ➨ 2 ⠇࡟࠾
࠸࡚ TBT ᭚㟢࡟ࡼࡿ⚄⤒⣽⬊࡬ࡢẘᛶᙳ㡪ࢆ᳨ウࡋࡓ࡜ࡇࢁࠊTBT ࢆ㛗ᮇ᭚㟢ࡋࡓ
⚄⤒⣽⬊࡛ࡣࢥࣥࢺ࣮ࣟࣝࡢ⣽⬊࡜ẚ㍑ࡋ࡚ࠊࢢࣝࢱ࣑ࣥ㓟ῧຍ᫬࡟⚄⤒⣽⬊Ṛࡢቑᙉ
ࡀㄆࡵࡽࢀࡓࠋࡇࢀࡣᡃࠎࡢࢢ࣮ࣝࣉࡀ௨๓ሗ࿌ࡋࡓ⤖ᯝ (Nakatsu et al., 2009) ࡜୍
⮴ࡍࡿࡶࡢ࡛࠶ࡿࠋ 
➨ 3 ⠇࡛ࡣ 20 nM TBT ᭚㟢࡟ࡼࡾ GluR2 Ⓨ⌧㔞పୗࡀ⣽⬊඲య࡟ຍ࠼࡚⣽⬊⭷
ୖ࡟࠾࠸࡚ࡶㄆࡵࡽࢀࡓࠋGluR2 ࢆྵࡲ࡞࠸ AMPA ཷᐜయࡣ㧗࠸ Ca2+ ㏱㐣ᛶࢆ♧
ࡍࡇ࡜ࡀ▱ࡽࢀ࡚࠾ࡾࠊTBT ᭚㟢࡟ࡼࡾ GluR2 Ⓨ⌧㔞ࡀపୗࡋࡓࡇ࡜࡛⚄⤒⣽⬊ࡢ
ࢢࣝࢱ࣑ࣥ㓟่⃭࡟ᑐࡍࡿ⬤ᙅᛶࡀஹ㐍ࡋࡓ࡜⪃࠼ࡽࢀࡿࠋࡲࡓࠊGluR2 ࢱࣥࣃࢡ㉁
Ⓨ⌧㔞ࡢపୗࡣ TBT ᭚㟢 3 ᪥ᚋ࠿ࡽㄆࡵࡽࢀࡿࡢ࡟ᑐࡋࠊGluR2 mRNA Ⓨ⌧㔞ࡢ
పୗࡣ TBT ᭚㟢 3 ᫬㛫ᚋ࠿ࡽㄆࡵࡽࢀࡓࠋGluR2 ࢱࣥࣃࢡ㉁ࡢ༙ῶᮇࡣ࠾ࡼࡑ 5-
7 ᪥⛬ᗘ࡜࠸࠺ሗ࿌ࡀ࠶ࡾ (Kjøller et al., 2000)ࠊmRNA ࡜ ࢱࣥࣃࢡ㉁࡛Ⓨ⌧㔞ࡀప
ୗࡍࡿ᫬㛫࡟ㄗᕪࡀㄆࡵࡽࢀࡿࡢࡣ GluR2 ࢱࣥࣃࢡ㉁ࡢ༙ῶᮇࡢ㛗ࡉ࡟㉳ᅉࡍࡿ࡜
⪃࠼ࡽࢀࡿࠋ 
GluR2 Ⓨ⌧పୗ࡟ࡼࡿ⚄⤒⣽⬊ࡢ⬤ᙅ໬ࡣࠊࣀࢵࢡࢲ࢘ࣥ (K.D.) ࡲࡓࡣࣀࢵࢡ࢔
࢘ࢺ (K.O.) ࡢ◊✲࠿ࡽ᫂ࡽ࠿࡟࡞ࡗ࡚࠸ࡿࠋ࢔ࣥࢳࢭࣥࢫ࡟ࡼࡾ GluR2 ࢆ K.D. ࡉ
ࡏࡓࣛࢵࢺࡣᾏ㤿 CA1 ཬࡧ CA3 㡿ᇦ࡟࠾࠸࡚㏻ᖖࡢࣛࢵࢺ࡟ẚ࡭Ṛ⣽⬊ࡀቑຍࡍ
ࡿࡇ࡜ࡀࢺࣝ࢖ࢪࣥࣈ࣮ࣝᰁⰍ࡟ࡼࡾ☜ㄆࡉࢀ࡚࠾ࡾ (Oguro et al., 1999)ࠊࡉࡽ࡟ࡑ
ࡢ⣽⬊Ṛࡣ NAS ࡸ CNQX ࡢᢞ୚࡟ࡼࡾῶᑡࡍࡿࡇ࡜࠿ࡽࠊGluR2 K.D. ࡟ࡼࡿ⚄⤒
⣽⬊Ṛࡣ Ca2+ ㏱㐣ᛶࢆࡶࡘ GluR2 ୙ྵ AMPA ཷᐜయ࡟ࡼࡿࡶࡢࡔ࡜᥎ ࡛ࡁࡿࠋ
ࡉࡽ࡟ GluR2 ࢆࣀࢵࢡࢲ࢘ࣥࡋࡓ⚄⤒⣽⬊ࡣ࢝࢖ࢽࣥ㓟㸦ࢢࣝࢱ࣑ࣥ㓟ཷᐜయ࢔ࢦࢽ
ࢫࢺ㸧ࡀᘬࡁ㉳ࡇࡍ⚄⤒⣽⬊Ṛࢆቑᙉࡉࡏࡿࡇ࡜ࡸࠊ㏻ᖖ≧ែ࡛ࡣᙳ㡪ࢆ୚࠼࡞࠸⛬ᗘ
ࡢᙅ࠸⹫⾑≧ែ࡛ࡶ⚄⤒⣽⬊Ṛࢆᘬࡁ㉳ࡇࡍࡇ࡜ࡀ▱ࡽࢀ࡚࠸ࡿ (Friedman and 
Velísková, 1998; Friedman et al., 2003; Oguro et al., 1999)ࠋࡉࡽ࡟㏻ᖖࡢ࣐࢘ࢫ࡟ẚ
࡭ GluR2 K.O. ࣐࢘ࢫࡣ᪂ወ᥈⣴⾜ືࡢῶᑡࡸ㐠ື༠ㄪᛶࡢపୗ࡞࡝ࡢ⾜ື␗ᖖࠊ⮬
Ⓨ㐠ື㔞ࡢపୗࠊグ᠈㞀ᐖࢆ♧ࡍࡇ࡜ࡀሗ࿌ࡉࢀ࡚࠸ࡿ (Jia et al., 1996; Mead et al., 
2005; Mead et al., 2006)ࠋࡇࢀࡽࡢሗ࿌࠿ࡽࡶ GluR2 Ⓨ⌧㔞పୗࡣ⣽⬊ࣞ࣋ࣝ࠿ࡽಶ
యࣞ࣋ࣝࡲ࡛⚄⤒⣽⬊࡟ࢲ࣓࣮ࢪࢆ୚࠼ࡿࡇ࡜ࡣ᫂ࡽ࠿࡛࠶ࡿࠋ 
➨ 4 ⠇࠿ࡽ TBT ࡀ NRF-1 ࡢ GluR2 ࣉ࣮ࣟࣔࢱ࣮࡟ᑐࡍࡿ⤖ྜࢆ㜼ᐖࡍࡿࡇ
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࡜ࡀ᫂ࡽ࠿࡜࡞ࡗࡓ୍ࠋ ᪉ࠊSp1 ࡜ REST ࡢ DNA ࡟ᑐࡍࡿ⤖ྜάᛶࡣ TBT ᭚㟢࡟
ࡼࡿᙳ㡪ࢆཷࡅ࡞࠿ࡗࡓࠋSp1 ࡣࣁ࢘ࢫ࣮࢟ࣆࣥࢢ㑇ఏᏊࡢ㌿෗ㄪ⠇࡞࡝࡟㛵ࢃࡿ୍
⯡ⓗ࡞㌿෗ᅉᏊ࡛࠶ࡾ (Wierstra, 2008)ࠊGluR2 ௨እࡢ௚ࡢ AMPA ཷᐜయࢧࣈࣘࢽ
ࢵࢺࡢⓎ⌧㔞ࡶㄪ⠇ࡍࡿࡇ࡜ࡀ▱ࡽࢀ࡚࠸ࡿ (Borges et al., 2001; Borges et al., 2003)ࠋ
ࡲࡓࠊREST ࡣ GluR2 ࢆྵࡴከࡃࡢ⚄⤒≉␗ⓗ㑇ఏᏊࢆ㈇࡟ไᚚࡍࡿ㌿෗ᢚไᅉᏊ
࡛࠶ࡾ (Myers et al., 1998; Schoenherr et al., 1995)ࠊ⬻⹫⾑࡞࡝࡟ࡼࡾㄏᑟࡉࢀࠊ
GluR2 ࡢⓎ⌧ኚ໬ࡸ㌿෗άᛶࡢኚືࢆᘬࡁ㉳ࡇࡍ࡜ࡉࢀ࡚࠸ࡿ (Calderone et al., 
2003)ࠋNRF-1 ࡣ GluR2 ࡟ຍ࠼࡚ cyt.cࠊCOXࠊNMDA ཷᐜయࢧࣈࣘࢽࢵࢺ 1 (NR1) 
ࡢⓎ⌧ࢆṇ࡟ไᚚࡍࡿࡇ࡜ࡀ♧၀ࡉࢀ࡚࠸ࡿ (Dhar et al., 2009b)ࠋ➨ 5 ⠇࡟࠾࠸࡚ 
TBT ᭚㟢࡟ࡼࡾ cyt.cࠊ COX4ࠊCOX6c ࡢⓎ⌧㔞ࡢపୗࡀㄆࡵࡽࢀࡓࡇ࡜ࡸࠊ㐣ཤࡢ
ሗ࿌࡟࠾࠸࡚ TBT ᭚㟢࡟ࡼࡿࣛࢵࢺ኱⬻⓶㉁⚄⤒⣽⬊ࡢ NR1 ࡢⓎ⌧㔞పୗࡀሗ࿌
ࡉࢀ࡚࠸ࡿࡇ࡜࠿ࡽࡶ (Nakatsu et al., 2009)ࠊTBT ࡣ NRF-1 ࢆ㜼ᐖࡋ࡚࠸ࡿྍ⬟
ᛶࡀ㧗࠸࡜⪃࠼ࡽࢀࡿࠋࡲࡓࠊTBT ᭚㟢࡟ࡼࡾ⣽⬊ෆ ATP 㔞ࡣࢃࡎ࠿࡛ࡣ࠶ࡿࡀ᭷
ព࡟పୗࡋࡓࠋࡇࢀࡲ࡛࡟ TBT ࡣ࣑ࢺࢥࣥࢻࣜ࢔ࡢᶵ⬟ࢆ㜼ᐖࡍࡿࡇ࡜࡛⣽⬊ෆ 
ATP 㔞ࢆపୗࡉࡏࡿࡇ࡜ࡀ᪤࡟ሗ࿌ࡉࢀ࡚࠸ࡿࡀࠊࡑࢀࡽࡢ◊✲࡛⏝࠸ࡽࢀ࡚࠸ࡿ 
TBT ࡢ⃰ᗘࡣ⣽⬊Ṛࡀᘬࡁ㉳ࡇࡉࢀࡿ⛬ᗘࡢ㧗࠸⃰ᗘ࡛࠶ࡿ (Stridh et al., 1999; 
Von Ballmoos et al., 2004)ࠋ୍᪉ࠊᮏ◊✲࡛᫂ࡽ࠿࡟ࡋࡓ⣽⬊Ṛࢆకࢃ࡞࠸ప⃰ᗘࡢ 
TBT ࡟ࡼࡿ࣐࢖ࣝࢻ࡞⣽⬊ෆ ATP 㔞ࡢపୗࡣࠊࡑࡢཎᅉࡢ୍ࡘ࡜ࡋ࡚ NRF-1 ࡢ㜼
ᐖࡀ㛵୚ࡋ࡚࠸ࡿ࡜⪃࠼ࡽࢀࡿࠋ 
➨ 6 ⠇ࠊ➨ 7 ⠇ࠊ➨ 8 ⠇࡛ࡣ TBT ࡟ࡼࡿ NRF-1 㜼ᐖ࣓࢝ࢽࢬ࣒ࡢヲ⣽࡞᳨ウ
ࢆ⾜ࡗࡓࠋ➨ 6 ⠇ࡢ⤖ᯝ࠿ࡽ TBT 9 ᪥㛫᭚㟢࡟ࡼࡾ NRF-1 mRNA ࠾ࡼࡧࢱࣥࣃࢡ
㉁ࡢⓎ⌧ῶᑡࡀㄆࡵࡽࢀࡓࠋ୍᪉ࠊ➨ 7 ⠇ࡢ⤖ᯝ࠿ࡽ NRF-1 ࡢ᰾⛣⾜ࡣ TBT ᭚㟢
࡟ࡼࡾኚືࡋ࡞࠿ࡗࡓࡶࡢࡢࠊ➨ 8 ⠇ࡢ⤖ᯝ࠿ࡽ HEK293T Ⓨ⌧ࢩࢫࢸ࣒࡟࠾࠸࡚ 




ࡽࢀࡿࠋ௨ୖࡢࡇ࡜࠿ࡽࠊTBT ᭚㟢࡟ࡼࡿ NRF-1 㜼ᐖ࣓࢝ࢽࢬ࣒࡟ࡣ▷᫬㛫࡛㉳ࡁ
ࡿ஧㔞యᙧᡂ㔞ࡢపୗ࡜ࠊ㛗ᮇⓗ࡞ NRF-1 Ⓨ⌧㔞ࡢపୗࡢ୧᪉ࡀ㛵୚ࡋ࡚࠸ࡿࡇ࡜ࡀ
♧၀ࡉࢀࡿࠋࡲࡓࠊNRF-1 ࡢάᛶ໬ᶵᵓ࡟ࡘ࠸࡚ࡣᩘሗࡢ◊✲࡟ࡼࡾ᫂ࡽ࠿࡟࡞ࡗ࡚
࠸ࡿࠋIzumi ࡽࡣ㓗㓟ࢼࢺ࣒ࣜ࢘ࡀ p300/CBP 㛵㐃ᅉᏊࢆ௓ࡋ࡚ NRF-1 ࡢ࢔ࢭࢳࣝ
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໬ ࢆ ஹ 㐍 ࡋ ࠊ NRF-1 ᰾ ෆ Ⓨ ⌧ 㔞 ࢆ ኚ ໬ ࡉ ࡏ ࡿ ࡇ ࡜ ࡞ ࡃ  N-
acetylgalactosaminyltransferase-3 㑇ఏᏊࡢࣉ࣮ࣟࣔࢱ࣮ࢆάᛶ໬ࡍࡿࡇ࡜ࢆሗ࿌ࡋ
࡚࠸ࡿ (Izumi et al., 2003)ࠋࡉࡽ࡟ NRF-1 ࡢ N ᮎ➃ഃࡢࣜࣥ㓟໬ࡣ DNA ⤖ྜά
ᛶ࡟㔜せ࡛࠶ࡿࡇ࡜ࡀ DNA ࡜ࡢ in vitro binding assay ࡟ࡼࡾ᫂ࡽ࠿࡟࡞ࡗ࡚࠸ࡿ 
(Gugneja et al., 1997)ࠋ୍᪉ࠊࢧ࢖ࢡࣜࣥ D1 ౫Ꮡᛶ࢟ࢼ࣮ࢮࡣࠊNRF-1 ࡢ 47 ␒ࢭ
ࣜࣥṧᇶࢆࣜࣥ㓟໬ࡋࠊNRF-1 ౫Ꮡⓗ࡞ᶵ⬟ࢆᢚไࡍࡿࡇ࡜ࡀሗ࿌ࡉࢀ࡚࠸ࡿ (Wang 
et al., 2006)ࠋࡋࡓࡀࡗ࡚ࠊTBT ࡣࢧ࢖ࢡࣜࣥ D1 ౫Ꮡᛶ࢟ࢼ࣮ࢮࡢᵝ࡞࢟ࢼ࣮ࢮ࡟
స⏝ࡋ࡚ NRF-1 ࡢࣜࣥ㓟໬ࣞ࣋ࣝ࡟ᙳ㡪ࢆ୚࠼ࡿࡇ࡜࡛ NRF-1 ࢆ㜼ᐖࡋ࡚࠸ࡿྍ
⬟ᛶࡶ⪃࠼ࡽࢀࡿࠋࡲࡓࠊ➨ 6 ⠇ࠊ➨ 7 ⠇ࡢ⤖ᯝ࡛ࡣ PGC-1α ࡢⓎ⌧㔞࠾ࡼࡧ᰾⛣
⾜ࡣ TBT ᭚㟢࡟ࡼࡿᙳ㡪ࢆཷࡅ࡞࠿ࡗࡓࡀࠊPGC-1α ࡣ NRF-1 ࡜⤖ྜࡍࡿࡇ࡜࡛
㌿෗ඹᙺᅉᏊ࡜ࡋ࡚ാࡃࡓࡵࠊTBT ࡀ NRF-1 ࡜ PGC-1α ࡢ」ྜయᙧᡂࢆ㜼ᐖࡋ࡚


















Figure 13. Schematic representation of the proposed mechanism by which TBT 




➨ 3 ❶ NRF-1 ࡢẘᛶᏛⓗᶵ⬟ゎᯒ 
 
➨ 1 ⠇ ⥴ゝ 
➨ 2 ❶ࡼࡾప⃰ᗘࡢ TBT ࡀ NRF-1 ࡢ㌿෗άᛶࢆ㜼ᐖࡋࠊGluR2 Ⓨ⌧㔞ࢆῶᑡ
ࡍࡿࡇ࡜࡛⚄⤒⣽⬊ࡢ⬤ᙅ໬ࢆᘬࡁ㉳ࡇࡍࡇ࡜ࡀ᫂ࡽ࠿࡜࡞ࡗࡓࠋTBT ࡢẘᛶ◊✲ࢆ
ࡉࡽ࡟Ⓨᒎࡉࡏࡿࡓࡵ࡟ḟ࡟ྲྀࡾ⤌ࡴ࡭ࡁㄢ㢟࡜ࡋ࡚ࠊNRF-1 ᶵ⬟ࡀపୗࡋࡓ㝿࡟ 
GluR2 Ⓨ⌧పୗ௨እ࡟ㄏⓎࡉࢀࡿẘᛶᙳ㡪ࢆ᫂ࡽ࠿࡟ࡍࡿࡇ࡜ࡀᣲࡆࡽࢀࡿ  (Fig. 
14)ࠋNRF-1 ࡣ 503 ࡢ࢔࣑ࣀ㓟࠿ࡽ࡞ࡾࠊࡑࡢ᭱㐺࡞⤖ྜ㓄ิ  (NRE) ࡣ 
(T/C)GCGCA(C/A)GCGC(A/G) ࡜࠸࠺ᴟࡵ࡚ GC-rich ࡞ᅇᩥ㓄ิ࡛࠶ࡿ (Fig. 15) 
(Virbasius et al., 1993; Scarpulla, 2008)ࠋNRF-1 ࡣ cyt.c ࠾ࡼࡧ COX ࡢࣉ࣮ࣟࣔࢱ
࣮࡟ᑐࡍࡿ㌿෗ไᚚᅉᏊ࡜ࡋ࡚᭱ึ࡟ྠᐃࡉࢀ (Evans and Scarpulla, 1989; Evans 
and Scarpulla, 1990; Chau et al., 1992)ࠊࡑࡢᚋࡶ࿧྾㙐 III, IV, V ࡢࢧࣈࣘࢽࢵࢺࢆ
ࢥ࣮ࢻࡍࡿ㑇ఏᏊࡢᑡ࡞ࡃ࡜ࡶ୍ࡘ௨ୖࡸ  mitochondrial transcription factor A 
(TFAM) (Virbasius and Scarpulla, 1991) ࡜࠸ࡗࡓ᰾࡛ࢥ࣮ࢻࡉࢀࡿ࣑ࢺࢥࣥࢻࣜ࢔
ࡢᵓᡂᅉᏊࡢከࡃࡢࣉ࣮ࣟࣔࢱ࣮ୖ࡟ NRE ࡀ࠶ࡿࡇ࡜ࡀḟ➨࡟᫂ࡽ࠿࡟࡞ࡗ࡚࠸ࡗ
ࡓࠋTong ࡽࡣ⣙ 11,000 ✀㢮ࡢࣄࢺࣉ࣮ࣟࣔࢱ࣮ࢆゎᯒࡋࡓ࡜ࡇࢁࠊ916 ✀㢮ࡢࣉࣟ
࣮ࣔࢱ࣮࡟࠾࠸࡚㧗ࢫࢥ࢔ࡢ NRE 㓄ิࡀᏑᅾࡋࠊࡑࡢ࠺ࡕ -200㹼+100 ࡢ㛫ࡢࣉࣟ
࣮ࣔࢱ࣮㡿ᇦ࡟Ꮡᅾࡋୟࡘࣄࢺ࡜࣐࢘ࢫ࡛ಖᏑࡉࢀ࡚࠸ࡿࡶࡢ࡜ࡋ࡚ 74 ✀㢮ࡢࣉࣟ
࣮ࣔࢱ࣮ࢆ⤠ࡾ㎸ࢇࡔ (Tong et al., 2013)ࠋࡇࢀࡽࡢゎᯒ࠿ࡽࠊ࢚ࢿࣝࢠ࣮⏘⏕࣭⣽⬊
࿘ᮇ࣭ ⚄⤒✺㉳ఙᒎ➼ࠊᖜᗈ࠸✀㢮ࡢ㑇ఏᏊࡢࣉ࣮ࣟࣔࢱ࣮࡟࠾࠸࡚ NRE ࡀᏑᅾࡍࡿ






ࢫ) ࢆゎᯒࡍࡿࡇ࡜ࡀᐃ▼࡛࠶ࡿࡀࠊNRF-1 K.O. ࣐࢘ࢫࡣ⫾⏕⮴Ṛ࡛࠶ࡾ (Huo and 
Scarpulla, 2001)ࠊࡇࡢࡇ࡜ࡀ NRF-1 ࡢᶵ⬟ゎᯒࡀ࡯࡜ࢇ࡝㐍ࢇ࡛࠸࡞࠿ࡗࡓせᅉࡢ


























Figure 15. Summary of NRF-1 functional domains and DNA recognition site 
(Scarpulla, 2008).  
NRF-1 has a central DNA binding domain flanked by a nuclear localization signal 
(NLS) and a bipartite transcriptional activation domain. The protein is 
phosphorylated in exponentially growing cells at multiple serine residues within a 
concise NH2-terminal domain (cross-hatched box). NRF-1 binds a GC-rich 
palindrome (shown below the diagram) as a homodimer and makes guanine 




➨ 2 ⠇ Tet-inducible NRF-1 ࣀࢵࢡࢲ࢘ࣥ⣽⬊ᰴࡢస〇 
ࡲࡎࠊNRF-1 ࡢᶵ⬟ゎᯒࢆ⾜࠺ࡓࡵ࡟ࠊNRF-1 Ⓨ⌧㔞ࡀపୗࡋࡓ⣽⬊ᰴࡢస〇ࢆ┠
ᣦࡋࠊCRISPR/Cas9 ࢩࢫࢸ࣒ࢆ⏝࠸ࡓࢤࣀ࣒⦅㞟࡟ࡼࡿ HEK 293T ⣽⬊ࢆ࣮࣋ࢫ࡟
ࡋࡓ NRF-1 ࣀࢵࢡ࢔࢘ࢺ (K.O.) ⣽⬊ࡢస〇ࢆヨࡳࡓࠋࡋ࠿ࡋ࡞ࡀࡽࠊタィࡋࡓ 
gRNA ࡣ㧗࠸ࢤࣀ࣒⦅㞟ຠ⋡ࢆ♧ࡋࡓ࡟ࡶ㛵ࢃࡽࡎࠊྲྀᚓࡋࡓ⣽⬊ࡣ඲࡚∦࢔ࣞࣝࡢ
ࡳ࡟ኚ␗ࡀධࡗࡓ࣊ࢸࣟ K.O. ⣽⬊࡛࠶ࡾࠊ࣍ࣔ K.O. ⣽⬊ࢆྲྀᚓࡍࡿࡇ࡜ࡀ࡛ࡁ࡞
࠿ࡗࡓ (data not shown)ࠋ᭱㏆ࡢูࢢ࣮ࣝࣉࡢㄽᩥ࡟࠾࠸࡚ࡶࢹ࣮ࢱᮍබ⾲࡞ࡀࡽࠊ
HEK 293T ⣽⬊ࢆ࣮࣋ࢫ࡟ࡋࡓ NRF-1 K.O. ⣽⬊ࡢྲྀᚓࡀ࡛ࡁ࡞࠿ࡗࡓࡇ࡜ࡀグ㏙
ࡉࢀ࡚࠾ࡾ (Wang et al., 2017)ࠊNRF-1 K.O. ࡣື≀ಶయࣞ࣋ࣝࡢࡳ࡞ࡽࡎ⣽⬊ࣞ࣋
ࣝ࡟࠾࠸࡚ࡶ⮴Ṛ࡜࡞ࡿྍ⬟ᛶࡀ㧗࠸࡜⪃࠼ࡽࢀࡿࠋ 
NRF-1 K.O. ⣽⬊ࢆస〇ࡍࡿࡇ࡜ࡀ࡛ࡁ࡞࠿ࡗࡓࡓࡵࠊḟ࡟ Tetracycline (Tet) ㄏᑟ
ᛶ NRF-1 K.D. ⣽⬊ᰴࡢస〇ࢆヨࡳࡓࠋTet ㄏᑟᛶ shRNA_NRF-1 ࡢࢥࣥࢫࢺࣛࢡ
ࢺࢆࣞࣥࢳ࢘࢖ࣝࢫ࣋ࢡࢱ࣮ࢆ⏝࠸࡚ HEK293T ⣽⬊ࡢࢤࣀ࣒ DNA ୖ࡟ᑟධࡋࡓࠋ
ࡑࡢᚋ㑅ᢥ࣐࣮࣮࡛࢝࠶ࡿࣆ࣮࣐ࣗࣟ࢖ࢩࣥ࡟ࡼࡾࢥࣥࢫࢺࣛࢡࢺࡀᑟධࡉࢀࡓ⣽⬊
ࢆࢭࣞࢡࢩࣙࣥࡋࠊࢩࣥࢢࣝࢭࣝࢡ࣮ࣟࢽࣥࢢࢆ⾜࠺ࡇ࡜࡛᭱ࡶ K.D. ຠ⋡ࡢ㧗࠸ࢡࣟ
࣮ࣥࢆ㑅ูࡋࡓ (Fig. 16a)ࠋࡑࡢ⤖ᯝࠊTet ⣔⸆≀࡛࠶ࡿ Doxycycline (Dox) ࡢῧຍ⃰
ᗘ࠾ࡼࡧ᫬㛫౫Ꮡⓗ࡟ NRF-1 ࡀ K.D. ࡉࢀࡿ⣽⬊ࢆྲྀᚓ࡛ࡁࡓࠋ100 ng/ml Dox 120 
᫬㛫ῧຍᚋ࡟᭱ࡶ㧗࠸ K.D. ຠ⋡ࢆ♧ࡋࠊࡇࡢ⣽⬊ࢆ shNRF-1/293T ⣽⬊࡜ࡋࡓ 















Figure 16. Construction of Dox inducible NRF-1 K.D. system. 
(a) Schematic diagram of Dox inducible NRF-1 K.D. system. (b) NRF-1 expression 
was detected by western blotting after 1, 10, 100 ng/ml Dox treatment for 72 h. (c) 
NRF-1 expression was detected by western blotting after 100 ng/ml Dox treatment 






➨ 3 ⠇ NRF-1 ࣀࢵࢡࢲ࢘ࣥ࡟ࡼࡿࣜࢯࢯ࣮࣒ᙧែ࡬ࡢᙳ㡪 
ࡲࡎࠊNRF-1 ᶵ⬟పୗ࡟ࡼࡿẘᛶᙳ㡪ࢆ᫂ࡽ࠿࡟ࡍࡿࡓࡵ࡟ࠊNRF-1 K.D. ࡢ࢜ࣝ
࢞ࢿࣛࡢᙧែࢆὀព῝ࡃほᐹࡋࡓࠋࡑࡢ⤖ᯝࠊ㓟ᛶ࢜ࣝ࢞ࢿࣛࢆ≉␗ⓗ࡟ㄆ㆑ࡍࡿࣉࣟ
࣮ࣈ࡛࠶ࡿ LysoTracker ࢆῧຍࡋࡓ㝿࡟ࠊNRF-1 K.D. ࡟ࡼࡾࣜࢯࢯ࣮࣒ᩘࡢቑຍഴ















Figure 17. The number of lysosomes in NRF-1 K.D. cells. 
shNRF-1/293T cells were treated with 100 ng/ml Dox for 120 h, and lysosomal 
density was evaluated using LysoTracker Red DND-99 (Magenta). Nuclei was 
stained with Hoechst 34580 (Cyan). Bafilomycin A1 (Baf.) was used as lysosomal 







➨ 4 ⠇ NRF-1 ࣀࢵࢡࢲ࢘ࣥ࡟ࡼࡿ LAMP1 ࢱࣥࣃࢡ㉁Ⓨ⌧࡬ࡢ
ᙳ㡪 
Lysosomal-associated membrane protein 1 (LAMP1) ࡣࣜࢯࢯ࣮࣒⭷ࢱࣥࣃࢡ㉁࡛
࠶ࡾࠊࣜࢯࢯ࣮࣒ࡢᙧែࢆほᐹࡍࡿࡓࡵࡢ࣐࣮࣮࢝࡜ࡋ࡚ࡋࡤࡋࡤ⏝࠸ࡽࢀࡿࠋNRF-
1 K.D. ࡢࣜࢯࢯ࣮࣒࡟ᑐࡍࡿᙳ㡪ࢆヲ⣽࡟᳨ウࡍࡿࡓࡵࠊLAMP1 ࢱࣥࣃࢡ㉁Ⓨ⌧㔞
ࢆච␿ᰁⰍ࠾ࡼࡧ࢚࢘ࢫࢱࣥࣈࣟࢵࢸ࢕ࣥࢢ࡟ࡼࡾホ౯ࡋࡓࠋච␿ᰁⰍࡢ⤖ᯝ,ࠊNRF-
1 K.D. ࡟ࡼࡾ LAMP1 ࢱࣥࣃࢡ㉁ࡢⓎ⌧ୖ᪼ࡀㄆࡵࡽࢀ (Fig. 18a)ࠊ࢚࢘ࢫࢱࣥࣈࣟ
ࢵࢸ࢕ࣥࢢ࡟࠾࠸࡚ࡶ NRF-1 K.D. 72 ᫬㛫ᚋ࠿ࡽ LAMP1 ࢱࣥࣃࢡ㉁Ⓨ⌧ୖ᪼ㄆࡵ
ࡽࢀࡓ (Fig. 18b)ࠋ୍᪉ࠊࢿ࢞ࢸ࢕ࣈࢥࣥࢺ࣮࡛ࣟࣝ࠶ࡿ scramble shRNA ࢆⓎ⌧ࡍ
ࡿ⣽⬊ (sh-scrm/293T ⣽⬊) ࡟࠾࠸࡚ࡣࠊDox ࡢ᭷↓࡟㛵ࢃࡽࡎ NRF-1 ࠾ࡼࡧ 











































Figure 18. LAMP1 protein expression in NRF-1 K.D. cells. 
(a) shNRF-1/293T cells were treated with 100 ng/ml Dox for 120 h, and then 
immunostaining was performed using a rabbit anti-LAMP1 antibody (Magenta). 4’, 
6-Diamidino-2-phenylindole (DAPI) is used for nuclear staining (Cyan). Scale bar: 
20 μm. shNRF-1/293T cells (b) and sh-scrm/293T cells (c) were treated with 100 
ng/ml Dox for 24, 72, 120 h, and then LAMP1 and NRF-1 protein expression was 
detected by western blotting. Quantitative analysis was performed using Image J 
software, and the LAMP1 protein levels were corrected based on the β-actin protein 





➨ 5 ⠇ NRF-1 ࣀࢵࢡࢲ࢘ࣥ࡟ࡼࡿࣜࢯࢯ࣮࣒㛵㐃㑇ఏᏊⓎ⌧㔞
࡟ᑐࡍࡿᙳ㡪 
ḟ࡟ LAMP1 ࢱࣥࣃࢡ㉁Ⓨ⌧ୖ᪼ࡀ㌿෗ㄏᑟ࡟ࡼࡿࡶࡢ࠿ྰ࠿ࢆ᫂ࡽ࠿࡟ࡍࡿࡓࡵࠊ
lamp1 ࡟ຍ࠼࡚ࣜࢯࢯ࣮࣒㛵㐃㑇ఏᏊ࡛࠶ࡿ atp6v1h 㸦ࣜࢯࢯ࣮࣒⭷ୖࣉࣟࢺ࣏ࣥ
ࣥࣉ㸧ࠊctsbࠊctsdࠊgba㸦ࣜࢯࢯ࣮࣒ෆຍỈศゎ㓝⣲㸧ࠊmcoln1㸦ࣜࢯࢯ࣮࣒⭷ࢱࣥࣃ
ࢡ㉁㸧ࡢ mRNA Ⓨ⌧㔞ࢆホ౯ࡋࡓࠋࡑࡢ⤖ᯝࠊNRF-1 ࡢ K.D. 48 ᫬㛫ᚋ࠿ࡽࣜࢯࢯ
࣮࣒㛵㐃㑇ఏᏊⓎ⌧ࡢୖ᪼ഴྥࡀㄆࡵࡽࢀ (Fig. 19a)ࠊ120 ᫬㛫ᚋ࡟࠾࠸࡚㢧ⴭ࡞Ⓨ⌧
ୖ᪼ࡀᘬࡁ㉳ࡇࡉࢀࡓ (Fig. 19b)ࠋࡇࡢࡇ࡜࠿ࡽࠊNRF-1 K.D. ࡟ࡼࡾࣜࢯࢯ࣮࣒㛵㐃
㑇ఏᏊࡢ mRNA Ⓨ⌧㔞ࡀ㌺୪ࡳୖ᪼ࡍࡿࡇ࡜ࡀ᫂ࡽ࠿࡜࡞ࡗࡓࠋ 
୍᪉ࠊࢿ࢞ࢸ࢕ࣈࢥࣥࢺ࣮࡛ࣟࣝ࠶ࡿ sh-scrm/293T ⣽⬊ ࡟࠾࠸࡚ࡣࠊDox ࡢ᭷↓






































































Figure 19. Lysosomal gene expression in NRF-1 K.D. cells. 
shNRF-1/293T cells (a, b) and sh-scrm/293T cells (c, d) were treated with 100 ng/ml 
Dox for 48 h, 120 h, and then atp6v1h, ctsb, ctsd, gba, lamp1, and mcoln1 mRNA 
expression was measured by real time PCR. The data are expressed as the mean + 






➨ 6 ⠇ NRF-1ࣀࢵࢡࢲ࢘ࣥ࡟ࡼࡿMiTࣇ࢓࣑࣮ࣜ࡟ᑐࡍࡿᙳ㡪 
ࣜࢯࢯ࣮࣒ࢆᵓᡂࡍࡿ⭷ࢱࣥࣃࢡ㉁ࡸຍỈศゎ㓝⣲࡞࡝ࢆࢥ࣮ࢻࡍࡿ㑇ఏᏊࡢከࡃ
ࡣࡑࡢࣉ࣮ࣟࣔࢱ࣮ୖ࡟ 10 bp ࡢ GTCACGTGAC ࡜࠸࠺ᅇᩥ㓄ิࢆࡶࡘࠋࡇࡢ㓄
ิࡣ coordinated lysosomal expression and regulation (CLEAR) 㓄ิ࡜࿧ࡤࢀࠊࣜ
ࢯࢯ࣮࣒ࡢ⏕ྜᡂ࡟㔜せ࡞ᙺ๭ࢆᯝࡓࡍࡇ࡜ࡀ▱ࡽࢀ࡚࠸ࡿࠋCLEAR 㓄ิࡣሷᇶᛶ
࣊ࣜࢵࢡࢫ࣭࣮ࣝࣉ࣭࡬ࣜࢵࢡࢫ (basic helix-loop-helix; bHLH) ㌿෗ᅉᏊ࡛࠶ࡿ 
microphthalmia transcription factor (MiT) ࣇ࢓࣑࣮ࣜ࡟ࡼࡗ࡚ㄆ㆑ࡉࢀࡿࠋMiT ࣇ
࢓࣑࣮ࣜࡣ transcription factor EB (TFEB)ࠊtranscription factor E3 (TFE3)ࠊ
melanogenesis associated transcription factor (MITF)ࠊtranscription factor EC 
(TFEC) ࡢ 4 ✀㢮ࡀ▱ࡽࢀ࡚࠾ࡾࠊTFEB ࡣࣜࢯࢯ࣮࣒⏕ྜᡂࡢไᚚᅉᏊ࡜ࡋ࡚᭱
ึ࡟ྠᐃࡉࢀࡓ MiT ࣇ࢓࣑࣮࡛ࣜ࠶ࡿ(Sardiello et al., 2009)ࠋࡑࡢᚋࠊTFE3 ࠾ࡼ
ࡧ MITF ࡶ CLEAR 㓄ิࢆ௓ࡋ࡚ࣜࢯࢯ࣮࣒⏕ྜᡂ࡟㛵୚ࡋ࡚࠸ࡿࡇ࡜ࡀ♧၀ࡉࢀ
࡚࠸ࡿ (Martina et al., 2014; Ploper st al., 2014)ࠋMiT ࣇ࢓࣑࣮ࣜࡀ㌿෗ᅉᏊ࡜ࡋ
࡚ᶵ⬟ࡍࡿࡓࡵࡢ࣓࢝ࢽࢬ࣒ࡢ୍ࡘ࡟᰾⛣⾜ࡀ▱ࡽࢀ࡚࠸ࡿࠋࡋࡓࡀࡗ࡚ࠊNRF-1 
K.D. ࡟ࡼࡿࣜࢯࢯ࣮࣒㛵㐃㑇ఏᏊࡢⓎ⌧ୖ᪼࡟ MiT ࣇ࢓࣑࣮ࣜࡢ᰾⛣⾜ಁ㐍ࡀ㛵୚
ࡋ࡚࠸ࡿྍ⬟ᛶࡀ⪃࠼ࡽࢀࡿࠋࡑࡇ࡛ TFEBࠊTFE3ࠊMITF ࡢ᰾⛣⾜ࢆホ౯ࡋࡓ࡜
ࡇࢁࠊNRF-1 K.D. ࡟ࡼࡿࡑࢀࡽࡢ᰾⛣⾜ࡢಁ㐍ࡣㄆࡵࡽࢀ࡞࠿ࡗࡓ (Fig. 20)ࠋ 

























Figure 20. Nuclear translocation of TFEB, TFE3, and MITF in NRF-1 K.D. cells. 
shNRF-1/293T cells were treated with 100 ng/ml Dox for 24, 72, 120 h, and then 














ᛶ࡬ࡢᙳ㡪ࢆホ౯ࡋࡓ࡜ࡇࢁࠊNRF-1 K.D. 24 ᫬㛫ᚋ࠿ࡽࣜࢯࢯ࣮࣒άᛶࡢపୗഴྥ
ࡀㄆࡵࡽࢀࠊ72 ᫬㛫ࠊ120 ᫬㛫ᚋ࡟࠾࠸࡚ࡣ㢧ⴭ࡞ࣜࢯࢯ࣮࣒άᛶࡢపୗࡀㄆࡵࡽࢀ























Figure 22. Lysosomal activity in NRF-1 K.D. cells. 
shNRF-1 cells were treated with 100 ng/ml Dox for 24 h, 72 h, and 120 h, and then 
the degradation ratio of [14C]-valine-labeled long-lived proteins were measured. 
Bafilomycin A1 (Baf.) was used as lysosomal inhibitor. The data are expressed as 







➨ 8 ⠇ ኱⬻⓶㉁ึ௦⚄⤒⣽⬊࡟࠾ࡅࡿ TBT ᭚㟢࡟ࡼࡿ LAMP1
Ⓨ⌧࡬ࡢᙳ㡪 
ࡇࢀࡲ࡛ࡢ⤖ᯝ࠿ࡽࠊNRF-1 ࢆ K.D. ࡍࡿࡇ࡜࡛ࣜࢯࢯ࣮࣒㛵㐃㑇ఏᏊࡢⓎ⌧ୖ᪼
࠾ࡼࡧࣜࢯࢯ࣮࣒ࡢάᛶపୗࡀㄆࡵࡽࢀࡓࠋࡇࡢࡇ࡜࠿ࡽࠊTBT ࡣ NRF-1 ࢆ㜼ᐖࡍ
ࡿࡇ࡜࡛ࣜࢯࢯ࣮࣒࡟ᑐࡋ࡚ୖグᙳ㡪ࢆ୚࠼࡚࠸ࡿྍ⬟ᛶࡀ⪃࠼ࡽࢀࡿࠋࡑࡇ࡛ࠊࣛࢵ
ࢺ኱⬻⓶㉁ึ௦⚄⤒⣽⬊ࡢ LAMP1 Ⓨ⌧㔞ࢆච␿ᰁⰍ࡟ࡼࡾホ౯ࡋࡓ࡜ࡇࢁࠊ20 nM 















Figure 23. Effect of TBT on LAMP1 expression in primary neurons. 
Cortical neurons were exposed to 20 nM TBT for 7 days and immunostaining was 
performed using LAMP1 (magenta) and microtubule associated protein 2 (MAP2: a 





➨ 9 ⠇ ᑠᣓ࠾ࡼࡧ⪃ᐹ 
➨ 3 ❶࡛ࡣ NRF-1 ᶵ⬟పୗ࡟ࡼࡿẘᛶᙳ㡪ࢆ᫂ࡽ࠿࡟ࡍࡿࡇ࡜ࢆ┠ⓗ࡜ࡋࠊ Tet-
inducible NRF-1 K.D. ⣽⬊ᰴ (shNRF-1/293T ⣽⬊) ࢆస〇ࡋ࡚ NRF-1 ᶵ⬟ゎᯒࢆ
⾜ࡗࡓࠋshNRF-1/293T ⣽⬊ࡢ࢜ࣝ࢞ࢿࣛᙧែࢆほᐹࡋࡓ࡜ࡇࢁࠊ➨ 3 ⠇࡛ NRF-1 
K.D. ࡟ࡼࡾࣜࢯࢯ࣮࣒ᩘࡀቑຍࡍࡿࡇ࡜ࡀ᫂ࡽ࠿࡜࡞ࡾࠊ➨ 4 ⠇࡛ࣜࢯࢯ࣮࣒⭷ࢱ
ࣥࣃࢡ㉁࡛࠶ࡿ LAMP1 ࡢⓎ⌧ࡀቑຍࡍࡿࡇ࡜ࡀ᫂ࡽ࠿࡜࡞ࡗࡓࠋࡇࢀࡽࡢ⤖ᯝ࠿ࡽࠊ
NRF-1 K.D. ࡣࣜࢯࢯ࣮࣒ࡢ⏕ྜᡂࢆㄏᑟࡋ࡚࠸ࡿ࡜⪃࠼ࡽࢀࡿࠋࡲࡓࠊ➨ 5 ⠇ࡢ⤖
ᯝ࠿ࡽ NRF-1 K.D. ࡟ࡼࡾ lamp1 mRNA Ⓨ⌧㔞ࡢቑຍࡶㄆࡵࡽࢀࡓࡇ࡜࠿ࡽࠊ
LAMP1 Ⓨ⌧ୖ᪼ࡣ㌿෗࡛ࣞ࣋ࣝᘬࡁ㉳ࡇࡉࢀࡿࡇ࡜ࡀ♧၀ࡉࢀࡿࠋࡲࡓࠊNRF-1 K.D. 
















ࡃࡘ࠿ࡢ◊✲࡟ࡼࡾ᫂ࡽ࠿࡟࡞ࡗ࡚࠸ࡿࠋSardiello ࡽࡣ 96 ✀㢮ࡢࣜࢯࢯ࣮࣒㛵㐃㑇
ఏᏊࡢࣉ࣮ࣟࣔࢱ࣮ࢆゎᯒࡋࡓ࡜ࡇࢁࠊ68 ✀㢮ࡢࣉ࣮ࣟࣔࢱ࣮ୖ࡟ CLEAR 㓄ิࡀ
Ꮡᅾࡍࡿࡇ࡜ࢆぢฟࡋࡓ (Sardiello et al., 2009)ࠋCLEAR 㓄ิࡣ bHLH ㌿෗ᅉᏊࡢ
ࢱ࣮ࢤࢵࢺ㓄ิࡢ୍㒊࡜୍⮴ࡍࡿࡓࡵࠊSardiello ࡽࡣࡉࡽ࡟ bHLH ㌿෗ᅉᏊ࡛࠶ࡾ 





TFEB ࡢάᛶ໬ᶵᵓࡀ᫂ࡽ࠿࡟࡞ࡾࡘࡘ࠶ࡿࠋ㏻ᖖ≧ែ࡟࠾࠸࡚  TFEB ࡣ 
mammalian target of rapamycin (mTOR) ࡟ࡼࡗ࡚ࣜࣥ㓟໬ࡉࢀࠊ⣽⬊㉁࡟ᒁᅾࡋ࡚
࠸ࡿࠋ⣽⬊ࡀ㣚㣹≧ែ࡜࡞ࡗࡓሙྜࠊTFEB ࡢࣜࣥ㓟໬≧ែࡣゎ㝖ࡉࢀ࡚᰾࡟⛣⾜ࡍࡿ
ࡇ࡜࡛ࠊࣜࢯࢯ࣮࣒ࡸ࣮࢜ࢺࣇ࢓ࢪ࣮ࡢ㛵㐃㑇ఏᏊࢆㄏᑟࡍࡿ (Settembre et al., 2012; 
Martina et al., 2013; Roczniak-Ferguson et al., 2012)ࠋࡉࡽ࡟ࠊTFE3 ࠾ࡼࡧ MITF 
ࡶ᰾⛣⾜ࡍࡿࡇ࡜࡛ CLEAR 㓄ิࢆ௓ࡋ࡚ࣜࢯࢯ࣮࣒⏕ྜᡂ࡟㛵୚ࡋ࡚࠸ࡿࡇ࡜ࡀ♧
၀ࡉࢀ࡚࠸ࡿ (Martina et al., 2014; Ploper st al., 2014)ࠋ➨ 6 ⠇࡟࠾࠸࡚ࠊNRF-1 
K.D. ࡟ࡼࡿ TFEBࠊTFE3ࠊMITF ࡢ᰾⛣⾜ࡢ㢧ⴭ࡞ኚ໬ࡣㄆࡵࡽࢀ࡞࠿ࡗࡓࡶࡢࡢࠊ
ࣜࢯࢯ࣮࣒㛵㐃㑇ఏᏊࡢⓎ⌧ୖ᪼ࡢཎᅉࡢ୍ࡘ࡜ࡋ࡚ࠊMiT ࣇ࢓࣑࣮ࣜ࡜ࣜࢯࢯ࣮࣒
㛵㐃㑇ఏᏊࣉ࣮ࣟࣔࢱ࣮ࡢ┤᥋ࡢ⤖ྜࡀపୗࡋ࡚࠸ࡿྍ⬟ᛶࡀ⪃࠼ࡽࢀࡿࠋࡲࡓࠊzinc 
finger ࣇ࢓࣑࣮ࣜ DNA ⤖ྜࢱࣥࣃࢡ㉁࡛࠶ࡿ ZKSCAN3 (ZNF306) ࡣ㌿෗ᢚไᅉ
Ꮚ࡛࠶ࡾࠊࣜࢯࢯ࣮࣒㛵㐃㑇ఏᏊࢆ㈇࡟ไᚚࡍࡿࠋ⣽⬊ࡀ㣚㣹≧ែ࡟࡞ࡿ࡜ࠊZKSCAN3 
ࡣ᰾࠿ࡽ⣽⬊㉁࡟⛣⾜ࡋࠊࣉ࣮ࣟࣔࢱ࣮ࡢᢚไࢆゎ㝖ࡍࡿࡇ࡜࡛ࣜࢯࢯ࣮࣒㛵㐃㑇ఏᏊ














A1 ࡣ H+-ATPase ≉␗ⓗ㜼ᐖ๣࡛࠶ࡾࠊࣜࢯࢯ࣮࣒ࡢ㓟ᛶ໬ࢆ㜼ᐖࡍࡿࡇ࡜࡛ࣜࢯࢯ
࣮࣒ࡢάᛶࢆపୗࡉࡏࡿࠋᐇ㝿࡟ᮏᐇ㦂⣔ࡢ࠾࠸࡚ࡶ Bafilomycin A1 ࡣࣜࢯࢯ࣮࣒ࡢ


















➨ 4 ❶ ⥲ᣓ 
TBT ࡣ 1960 ᖺ௦࠿ࡽ⯪ᗏ࡬ࡢ㈅㢮௜╔ࢆ㜵Ṇࡍࡿ┠ⓗ࡞࡝࡟᭷⏝࡞⯪ᗏሬᩱ࡜ࡋ
࡚౑⏝ࡉࢀ࡚ࡁࡓࡀࠊᕳ㈅㢮࡟ᑐࡍࡿෆศἪ࠿ࡃ஘స⏝ࡀ᫂ࡽ࠿࡟࡞ࡗ࡚௨㝆౑⏝ࡀไ
㝈ࡉࢀ࡚࠸ࡿࠋỈ⎔ቃ୰࠿ࡽࡢ᳨ฟ⃰ᗘࡣ௨๓ࡼࡾపୗࡋ࡚࠸ࡿࡶࡢࡢࠊ2000 ᖺ௦௨
㝆ࡢㄪᰝ࡟࠾࠸࡚ࡶ㨶㢮ࡢ⾑ᾮࡸᾏᗏሁ✚≀୰࠿ࡽ᳨ฟࡉࢀ࡚࠸ࡿ (Viglino et al., 
2004; Miki et al., 2011)ࠋࡑࡢཎᅉ࡜ࡋ࡚ࠊ୍㒊ࡢᅜ࡛ࡣ኱ᆺ⯪࡞࡝࡛ᮍࡔ࡟᭷ᶵࢫࢬ
ࡀ⏝࠸ࡽࢀ࡚࠸ࡿࡇ࡜ࡸࠊᾏᗏሁ✚≀୰࡟࠾ࡅࡿ༙ῶᮇࡀ㛗࠸ࡇ࡜࡞࡝ࡀᣲࡆࡽࢀࡿࠋ 
ࡇࢀࡲ࡛ TBT ࡢẘᛶ◊✲ࡣᩘከࡃ⾜ࢃࢀ࡚ࡁࡓࡀࠊࡑࡢ࡯࡜ࢇ࡝ࡣ μM ࣮࢜ࢲ࣮
ࡢẘᛶࢆㄪ࡭ࡓࡶࡢ࡛࠶ࡾࠊࡑࡢ⃰ᗘࡢ TBT ࡣ୍⯡ⓗ࡞့ஙື≀⏤᮶⣽⬊࡟ᑐࡋ࡚ 
24 ᫬㛫௨ෆ࡟⣽⬊Ṛࢆᘬࡁ㉳ࡇࡍࠋ୍᪉ࠊᮏ◊✲࡛ࡣ༢⊂࡛ࡣ⣽⬊Ṛࢆᘬࡁ㉳ࡇࡉ࡞
࠸⃰ᗘ࡛࠶ࡿ 20 nM ࡢ TBT ࡀ㌿෗ᅉᏊ NRF-1 ࢆ㜼ᐖࡋࠊAMPA ཷᐜయࢧࣈࣘࢽ
ࢵࢺ GluR2 ࡢⓎ⌧㔞ࢆపୗࡉࡏࡿࡇ࡜࡛ࠊ⚄⤒⣽⬊ࢆࢢࣝࢱ࣑ࣥ㓟่⃭࡟ᑐࡋ࡚⬤ᙅ
໬ࡍࡿࡇ࡜ࢆ᫂ࡽ࠿࡟ࡋࡓࠋNRF-1 㜼ᐖࡀప⃰ᗘ TBT ࡢẘᛶ࣓࢝ࢽࢬ࣒ࢆゎ᫂ࡍࡿ
ୖ࡛㔜せ࡞࢝ࢠࢆᥱࡿ࡜⪃࠼ࠊࡉࡽ࡟ᮏ◊✲࡛ࡣ඘ศ࡟᫂ࡽ࠿࡟࡞ࡗ࡚࠸࡞࠸ NRF-1 
ࡢᶵ⬟࡟ࡘ࠸᳨࡚ウࡋࡓࠋࡑࡢ⤖ᯝࠊNRF-1 ࡀࣜࢯࢯ࣮࣒ᶵ⬟ㄪ⠇࡟㛵୚ࡋ࡚࠸ࡿࡇ
࡜ࡀ♧၀ࡉࢀࡓࠋ➨ 3 ❶࣭➨ 8 ⠇࡟࠾࠸࡚ࣛࢵࢺ኱⬻⓶㉁ึ௦⚄⤒⣽⬊࡟ 20 nM 
TBT ࢆ᭚㟢ࡋࡓ࡜ࡇࢁࠊLAMP1 ࡢⓎ⌧㔞ୖ᪼ࡀㄆࡵࡽࢀࡓࠋࡇࡢⓎ⌧ୖ᪼ࡣ TBT 
ࡀ NRF-1 ࢆ㜼ᐖࡋࠊࣜࢯࢯ࣮࣒άᛶࢆపୗࡉࡏࡿࡇ࡜࡟ࡼࡿ௦ൾㄏᑟ࡛࠶ࡿྍ⬟ᛶࡀ
㧗࠸࡜⪃࠼ࡽࢀࡿࠋ௒ᚋࠊTBT ࡀᐇ㝿࡟⚄⤒⣽⬊ࡢࣜࢯࢯ࣮࣒άᛶࢆపୗࡉࡏ࡚࠸ࡿ
࠿ྰ࠿ࢆ᳨ウࡍࡿࡇ࡜࡛ࠊNRF-1 㜼ᐖࢆ௓ࡋࡓప⃰ᗘ TBT ࡢ᪂ࡓ࡞ẘᛶ࣓࢝ࢽࢬ࣒
ࢆ᫂ࡽ࠿࡟࡛ࡁࡿ࡜⪃࠼ࡽࢀࡿࠋ 
ᡃࠎࡢࢢ࣮ࣝࣉࡣࠊ஧౯㖄࣭࣌ࣝࣇࣝ࢜ࣟ࢜ࢡࢱࣥࢫࣝ࣍ࣥ㓟 (PFOS)࣭࢝ࣝ࣎ࣇࣛ
ࣥ➼࡜࠸ࡗࡓ୍㒊ࡢ⎔ቃ໬Ꮫ≀㉁ࡀ TBT ࡜ྠᵝ࡟ࣛࢵࢺ኱⬻⓶㉁ึ௦⚄⤒⣽⬊ࡢ 
GluR2 Ⓨ⌧㔞ࢆపୗࡉࡏࡿࡇ࡜ࢆሗ࿌ࡋ࡚ࡁࡓ (Ishida et al., 2013; Ishida et al., 
2017b; Umeda et al., 2017; Ishida et al., 2017c)ࠋPFOS ࡟㛵ࡋ࡚ࡣࣛࢵࢺ࡟ᑐࡋ࡚ࡶ
Ⓨ㐩ᮇ᭚㟢࡟ࡼࡾ኱⬻⓶㉁࡟࠾ࡅࡿ GluR2 Ⓨ⌧㔞ࢆపୗࡉࡏࠊࢢࣝࢱ࣑ࣥ㓟࢔ࢼࣟࢢ
࡛࠶ࡿ࢝࢖ࢽࣥ㓟ࡢ⭡⭍ෆᢞ୚࡟ࡼࡾ⚄⤒⣽⬊Ṛࢆቑᝏࡉࡏࡿࡇ࡜ࢆ᫂ࡽ࠿࡟ࡋࡓ 
(Ishida et al., 2017c)ࠋࡲࡓࠊ᭷ᶵ≀㉁ࡢ୙᏶඲⇞↝࡟ࡼࡗ࡚⏕ࡌࡿ࣋ࣥࢰ [a] ࣆࣞࣥ
ࡸࣃ࣮࢟ࣥࢯࣥ⑓ᵝ⑕≧ㄏⓎ⚄⤒ẘ࡛࠶ࡿ 1-methyl-4-phenylpyridinium (MPP+) ࡀ 
NRF-1 Ⓨ⌧㔞ࢆపୗࡉࡏࠊ⣽⬊ẘᛶࢆᘬࡁ㉳ࡇࡍࡇ࡜ࡀሗ࿌ࡉࢀ࡚࠸ࡿ (Zhang et al., 













ࡀ⑌ᝈࡢ㐍⾜ࢆຍ㏿ࡉࡏࡿࡓࡵ࡛࠶ࡿ (Yamamoto and Simonsen, 2011)ࠋࡲࡓࠊNRF-1 ࡣ
ࣃ࣮࢟ࣥࢯࣥ⑓➼ࡢ⚄⤒ኚᛶ⑌ᝈ࡜ࡢ㛵㐃 (Shin et al., 2011) ࡸࠊ⤫ྜኻㄪ⑕ᝈ⪅ࡢṚ




















































Cytosine arabinofuranoide (ara-C) ࠾ࡼࡧ  1-naphthylacetylspermine (NAS) ࡣ 
Sigma-Aldrich ࡼࡾ㉎ධࡋࡓࠋBafilomycin A1 ࡣ Cayman Chemical ࡼࡾ㉎ධࡋࡓࠋ
Tributyltin chloride (TBT) ࡣ࿴ග⣧⸆ᰴᘧ఍♫ࡼࡾ㉎ධࡋࡓࠋDoxycycrine Hyclate 
(Dox) ࡣ LKT Laboratories, Inc. ࡼࡾ㉎ධࡋࡓࠋPolyethylenimine (PEI; transfection
⏝) ࡣ polysciences, Inc. ࡼࡾ㉎ධࡋࡓࠋ 
 
࠙ᢠయࠚ 
ࢱࣥࣃࢡ㉁ ࣓࣮࣮࣭࢝␒ྕ ⏝㏵ 
GluR2 Millipore, MAB397 WB, ICC 
β-actin Sigma-Aldrich, AC-15 WB 
N-cadherin Santa Cruz Biotechnology, sc-7939 WB, ICC 
NRF-1 Abnova, H00004899-M01 WB 
NRF-1 Abcam, ab34682 ChIP 
PGC-1α Santa Cruz Biotechnology, sc-13067 WB 
β-tublin WAKO, 014-25041 WB 
Lamin B Santa Cruz Biotechnology, sc-6217 WB 
GFP Santa Cruz Biotechnology, sc-9996 IP 
HA MBL, 561 WB 
LAMP1 Cell Signaling Technology, 9091 WB, ICC 
LAMP1 Abcam, ab24170 ICC (rat) 
TFEB Cell Signaling Technology, 4241 WB 
TFE3 Sigma-Aldrich, HPA023881 WB 
MITF Santa Cruz Biotechnology, sc-515925 WB 
MAP2 Millipore, MAB3418 ICC 
Tuj1 Covance Research Products, MRB435P ICC 







ࡋ⾜ࡗࡓࠋSlc: Wistar/ST ዷፎ 18 ᪥㱋ࣛࢵࢺࡼࡾࢡ࣮ࣜࣥ࣋ࣥࢳୗ࡛⫾௘ࢆ᦬ฟࡋ
ࡓࠋࣁࣥࢡࢫᾮ୰࡛኱⬻⓶㉁ࢆษࡾฟࡋࠊࣁࣥࢡࢫᾮࢆ㐺㔞ຍ࠼࡚ࣃࢫࢶ࣮ࣝࣆ࣌ࢵࢺ
࡛ᠱ⃮ࡋࠊࢭࣝࢫࢺࣞ࢖ࢼ࣮࡟㏻ࡋࡓᚋࠊ4Υࠊ1000 rpmࠊ3 ศ㛫㐲ᚰࡋࡓࠋୖΎࢆ㝖
ཤࡋࠊ10% FCS ῧຍ࢖࣮ࢢࣝ MEM ᇵᆅ 10 mL ࡟෌ᠱ⃮ࡋࡓࠋࢭࣝ࢝࢘ࣥࢱ࣮ࢆ⏝
࠸࡚ 1.8-2.0×106 cells/mL ࡟ㄪ〇ࡋࠊ24 well plate ࠶ࡿ࠸ࡣ 3.5 cm dish ࡟᧛ࡁࠊᇵ
㣴ࡣ 37ΥࠊCO2 ࢖࣮ࣥ࢟ࣗ࣋ࢱ࣮୰࡛⾜ࡗࡓࠋࢲ࢖ࢭࢡࢩࣙࣥࡢ᪥ࢆ 1 ᪥┠࡜ࡋࠊ
2ࠊ4ࠊ6 ᪥┠ࡣ 10% FCS ῧຍ࢖࣮ࢢࣝMEM ᇵᆅࢆࠊ8 ᪥┠ࡣ 10% HS ῧຍ࢖࣮
ࢢࣝ MEM ᇵᆅࢆ⏝࠸࡚༙㔞ࡎࡘ஺᥮ࡋࡓࠋᇵ㣴 6 ᪥┠࡟ ara-C㸦᭱⤊⃰ᗘ: 10 μM㸧 
ࢆῧຍࡋࠊᇵ㣴 10 ᪥┠ࡢ⣽⬊ࢆྛ࢔ࢵࢭ࢖࡟౑⏝ࡋࡓࠋࡇࡢᇵ㣴⣔࡛ࡣ⣙ 90% ࡢࢽ





Figure 24. Immunocytochemistry ofneuronal and glial cells of the primary culture 
on DIV 11. 
To evaluate neuronal and glial populations, cultures were grown to DIV 11 with or 
without arabinosylcytosine (AraC) to inhibit the proliferation of glial cells. Then, 
immunostaining was performed using an anti-Tuj1 (neuronal marker) antibody (red) 
and an anti-GFAP (glial marker) antibody (green). 4',6-Diamidino-2-phenylindole 












D.W.  1L ࡟⁐ゎᚋࠊ1N NaOH ࡛ pH 7.2 ࡟ㄪ〇→ℐ㐣⁛⳦ᚋࠊ෭ⶶಖᏑ 
 
࢖࣮ࢢࣝ MEM ᇵᆅ⤌ᡂ g/L 





D.W. 1L ࡟⁐ゎᚋࠊℐ㐣⁛⳦ᚋࠊ෭ⶶಖᏑ 
 
࠙ẘᛶホ౯ࠚ 
ྛ✀⸆≀᭚㟢ᚋࡢ HS ῧຍ࢖࣮ࢢࣝ MEM ᇵᆅࢆ㝖ࡁࠊ0.4 % ࢺࣜࣃࣥࣈ࣮ࣝࢆ 1 
well ࠶ࡓࡾ 100 μL ຍ࠼ࠊ10 ศᨺ⨨ᚋࠊ10 % ị෭࣐࣍ࣝࣜࣥࢆ 500 μL ຍ࠼ࡿࠋ2 
ศᨺ⨨ᚋࠊ⏕⌮㣗ሷỈ࡛Ὑ࠸ࠊ㢧ᚤ㙾ୗ࡛⏕⣽⬊ࠊṚ⣽⬊ࢆィ ࡋࡓࠋࡇࡢ⤖ᯝ࠿ࡽࠊ
⏕⣽⬊ᩘ⋡ࢆ⟬ฟࡋࠊcontrol ⩌࡟ᑐࡍࡿ๭ྜࢆࡶࡗ࡚ viability (% of control) ࡜ࡋࡓࠋ
Sample ࡣ⣔ 1 ࡘ࡟ࡘࡁ 4 well ౑⏝ࡋ (n=4)ࠊ1 well ࠶ࡓࡾ 200 ಶ௨ୖࡢ⣽⬊ࢆィ
 ࡋࡓࠋ 
  










(1) Whole-Cell Extracts 
⸆≀᭚㟢ᚋࡢୖΎࢆ㝖ཤࡋࠊPBS(-)࡛Ὑ࠺ࠋࡑࡢᚋࠊTNE Bufferࢆຍ࠼ࠊࢭࣝࢫࢡ
ࣞ࢖ࣃ࣮࡟࡚ lysateࢆ 1.5 mLࢳ࣮ࣗࣈ࡟ᅇ཰ࡋࠊ࣎ࣝࢸࢵࢡࢫ 10⛊ᚋࠊ30ศ㛫 4Υ
࡛࣮ࣟࢸ࣮ࢩࣙࣥࡍࡿࠋࡑࡢᚋ 4Υࠊ13,500 rpm࡛ 20ศ෭༷㐲ᚰࡋࠊpelletࡀᾋ㐟ࡋ
࡞࠸ࡼ࠺࡟ୖΎࢆ௚ࡢࢳ࣮ࣗࣈ࡟⛣ࡍࠋ 
TNE buffer ⤌ᡂ ᭱⤊⃰ᗘ 
Tris-HCl (pH 7.8) 50 mM 
NP-40 1% 
EDTA 20 mM 
Sodium orthovanadate 1 mM ⏝஦ㄪᩚ 
NaF 1 mM ⏝஦ㄪᩚ 
Protease inhibitor cocktail 1:100 ⏝஦ㄪᩚ 
 
(2) Nuclear Extract 
⸆≀᭚㟢ᚋࡢୖΎࢆ㝖ཤࡋࠊPBS(-)࡛Ὑ࠺ࠋࡑࡢᚋࠊPBSࢆຍ࠼ࠊࢭࣝࢫࢡࣞ࢖ࣃ࣮
࡟࡚⣽⬊ࢆ 1.5 mLࢳ࣮ࣗࣈ࡟ᅇ཰ࡋࠊhypotonic buffer ࡛ᠱ⃮ࡍࡿࠋịୖ࡛ 15 ศ㟼
⨨ᚋࠊ0.5% NP-40 ࢆຍ࠼࡚᭱኱ࢫࣆ࣮ࢻ࡛࣎ࣝࢸࢵࢡࢫࡋࠊ10,000 g 10 ศ㐲ᚰࡍࡿࠋ
ୖΎࢆ 1.5 mL ࢳ࣮ࣗࣈ࡟⛣ࡋࠊ⣽⬊㉁⏬ศ࡜ࡍࡿࠋ࣌ࣞࢵࢺࢆ hypotonic buffer ࡛
෌ᠱ⃮ࡋࠊ10,000 g 10 ศ㐲ᚰᚋࠊୖΎࢆ㝖ཤࡍࡿ㸦ᚲせ࡛࠶ࢀࡤࡇࡢ wash సᴗࢆ⧞
ࡾ㏉ࡍ㸧ࠋ࣌ࣞࢵࢺ࡟ hypertonic buffer ࡛෌ᠱ⃮ࡋࠊࢯࢽࢣ࣮ࢩࣙࣥ (10s x3) ᚋࠊ
12,000 g 10 min 㐲ᚰࡍࡿࠋୖΎࢆ 1.5 mL ࢳ࣮ࣗࣈ࡟⛣ࡋࠊ᰾⏬ศ࡜ࡍࡿ 
 
(3) Membrane Extracts 
⣽⬊ࢆ  PBS ࡛ὙίࡋࡓᚋࠊSulfo-NHS-biotin solution 0.5 mg/ml (PBS (+)) 
(Thermo, San Jose, CA, USA) ࢆຍ࠼ࠊ4Υࠊ20 ศ㛫࢖࣮ࣥ࢟ࣗ࣋ࢩࣙࣥࡍࡿࠋ཯ᛂࢆ
೵Ṇࡍࡿࡓࡵࠊ100 mM glycine ྵ᭷ PBS ࢆຍ࠼ࠊ4Υࠊ30 ศ㛫࢖࣮ࣥ࢟ࣗ࣋ࢩࣙࣥ
ࡍࡿࠋTNE buffer ࢆຍ࠼⣽⬊ࢆ๤ࡂྲྀࡾࢳ࣮ࣗࣈ࡟ධࢀࠊ4Υࠊ1 ᫬㛫࣮ࣟࢸ࣮ࢩࣙ
ࣥࡍࡿࠋ4Υࠊ15000 rpm ࡛ 15 ศ㐲ᚰᚋࠊ total lysate ࢆ୍㒊ಖᏑࡋࡓࠋࣅ࣮ࢬࡢฎ
⌮ࢆ⾜࠸ (PBS : avidin beads = 1 : 1)ࠊlysate ࡟ຍ࠼ 4Υࠊ୍ᬌ࣮ࣟࢸ࣮ࢩࣙࣥࡍࡿࠋ
53 
 
4Υࠊ15000 rpmࠊ15 ศ㛫㐲ᚰࡋୖࠊ Ύࢆ intracellular ⏬ศ࡜ࡍࡿࠋPellet ࡟ sample 









ࢧࣥࣉࣝ࡟ 2Sample buffer ࢆ➼㔞ຍ࠼ࠊ95 Υ࡛ 3 ศ㛫ຍ⇕ࡋࠊ⇕ኚᛶࡉࡏࡓࠋ
ㄪ〇ࡋࡓࢧࣥࣉࣝࢆ 7.5-10%࢔ࢡࣜࣝ࢔࣑ࢻศ㞳ࢤࣝࠊ0.15%࢔ࢡࣜࣝ࢔࣑ࢻ⃰⦰ࢤࣝ
࡟࢔ࣉࣛ࢖ࡋࠊ200V ࡢ୍ᐃ㟁ᅽ࡛⣙ 1 ᫬㛫ὋືࡍࡿࠋBlotting ࡣࢭ࣑ࢻࣛ࢖ᘧ 
(Trans-Blot Turbo, BioRad) ࢆ⏝࠸࡚ࠊPVDF࣓ࣥࣈࣞࣥ࡟ 25Vࠊ1.0A ࡢ୍ᐃ㟁ᅽ 30
ศ࡛㌿෗ࡍࡿࠋࡇࡢ࣓ࣥࣈࣞࣥࢆ 5%ࢫ࣒࣑࢟ࣝࢡ in TBS-T࡛ 1᫬㛫᣺࡜࠺ࡋ࡚ࣈࣟ
ࢵ࢟ࣥࢢࡋࠊྛ✀୍ḟᢠయࢆ 4Υ୍ᬌ᣺࡜࠺ࡋࡓࠋTBS-T࡛ὙίᚋࠊHRPᶆ㆑ࡋࡓ஧
ḟᢠయࢆᖖ ࡛ 1᫬㛫᣺࡜࠺ࡋࡓࠋChemi-Lumi One L®࡛཯ᛂࡉࡏࠊࡑࡢⓎගࢆ Image 
Quant Las 4000 mini (GE Healthcare)᳨࡛ฟࡍࡿࠋ 
 
2x sample buffer ⤌ᡂ ᭱⤊⃰ᗘ 









࠙mRNA ᢳฟ࠾ࡼࡧࣜ࢔ࣝࢱ࢖࣒ PCRࠚ 
(1) mRNAᢳฟ 
SV total RNA Isolation system (Promega) ࢆ౑⏝ࡋࡓࠋ⣽⬊ࢆࢭࣝࢫࢡࣞ࢖ࣃ࣮࡛๤ࡂ
ྲྀࡾࠊࢳ࣮ࣗࣈ࡟ධࢀࠊ㐲ᚰ࡟ࡼࡾ⣽⬊ࢆᅇ཰ࡋࡓࠋᅇ཰ࡋࡓ⣽⬊࡟ lysis buffer 175 PL 
ຍ࠼ࠊῧ௜ࡢㄝ᫂᭩࡟ᚑ࠸ total RNA ࢆᢳฟࡋࡓࠋ 
 
(2) cDNAస〇 




⤌ᡂ                  PL 
AMV RT 5×Reaction buffer                8 
   RNase inhibitor (40 units/PL)        1  
   AMV reverse transcriptase (10 units/PL)   1  
   dNTP mix (25 mM)                       1.6 
   RNA(2 Pg/PL)                          27.4 
   Total                                   40 PL 
 
(3) ࣜ࢔ࣝࢱ࢖࣒ PCR 
➨ 2 ❶࡟࠾ࡅࡿゎᯒ 
QuantiTect® SYBR® Green PCR Kit ࢆ౑⏝ࡋࡓࠋୗ࡟♧ࡍ⤌ᡂ࠾ࡼࡧ Thermal 





⤌ᡂ             PL 
QuantiTect solution            7.5 
   Primers (20pmol/PL)           0.8  
   D.W.              8.9  
   Template cDNA or standard  2.0  
   Total                         20 PL 
 
 
Thermal cycling parameters 
   1. 95 Υ  3 min 
   2. 95 Υ  15 sec 
   3. 60 Υ  30 sec 
   4. 72 Υ  30 sec 
   5. go to line 3 for 49 more times 
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➨ 3 ❶࡟࠾ࡅࡿゎᯒ 
PowerUp SYBR Green Master Mix (Thermo Fisher) ࢆ౑⏝ࡋࡓࠋୗ࡟♧ࡍ⤌ᡂ࠾
ࡼࡧ Thermal cycling parameters࡟࡚ࠊྛ✀mRNAࡢⓎ⌧㔞ࢆࠊPiko Real ࡟࡚ゎᯒ
ࡋࡓࠋ㑇ఏᏊⓎ⌧㔞ࡣ RPL13a ࢆෆ㒊ᶆ‽㑇ఏᏊ࡜ࡋ࡚⏝࠸ࠊǼǼCt ἲ ࡟ࡼࡾゎᯒ
ࡋࡓࠋ 
 
⤌ᡂ             PL 
SYBR Green Master Mix       3.45  
   Primers (5 μM)                 0.4  
   D.W.              3.75  
   Template cDNA              2.0  




r-GluR2 Fw AACGAGTACATCGAGCAGAGGAA 
r-GluR2 Rv GATGCCGTAGCCTTTGGAATC 
r-NRF-1 Fw AAAAGGCCTCATGTGTTTGAGT 
r-NRF-1 Rv AGGGTGAGATGCAGAGAACAAT 
r-PGC-1α Fw CAATGAATGCAGCGGTCTTA 
r-PGC-1α Rv ACGTCTTTGTGGCTTTTGCT 
r-cytochrome c Fw GGCAAGCATAAGACTGGACCAA 
r-cytochrome c Rv TTTCCAAATACTCCATCAGGGTATC 
r-COX4 Fw CACTTCGGTGTGCCTTCGGG 
r-COX4 Rv AAAGGCTGCTCCAGTCGGC 
r-COX6c Fw AGCGTCTGCGGGTTCATA 
r-COX6c Rv GCCTGCCTCATCTCTTCAAA 
r-GAPDH Fw CTCGTCTCATAGACAAGATGGTGAAG 
r-GAPDH Rv AGACTCCACGACATACTCAGCACC 
h-atp6v1h Fw GGAAGTGTCAGATGATCCCCA 
h-atp6v1h Rv CCGTTTGCCTCGTGGATAAT 
Thermal cycling parameters 
   1. 95 Υ  3 min 
   2. 95 Υ  15 sec 
   3. 60 Υ  30 sec 
   4. 72 Υ  30 sec 
   5. go to line 3 for 39 more times 
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h-ctsd Fw CTGATTCAGGGCGAGTACATGA 
h-ctsd Rv CGACACCTTGAGCGTGTAGT 
h-ctsb Fw AGTGGAGAATGGCACACCCTA 
h-ctsb Rv AAGAAGCCATTGTCACCCCA 
h-gba Fw TGGGTACCCGGATGATGTTA 
h-gba Rv AGATGCTGCTGCTCTCAACA 
h-lamp1 Fw ACGTTACAGCGTCCAGCTCAT 
h-lamp1 Rv TCTTTGGAGCTCGCATTGG 
h-mcoln1 Fw TTGCTCTCTGCCAGCGGTACTA 
h-mcoln1 Rv GCAGTCAGTAACCACCATCGGA 
h-rpl13 Fw GGATCCCTCCACCCTATGACA 
h-rpl13 Rv CTGGTACTTCCACCCGACCTC 
 
࠙ච␿ᰁⰍࠚ 
(1) ึ௦⚄⤒⣽⬊ࡢ GluR2 Ⓨ⌧㔞ホ౯ 
24 well ࣉ࣮ࣞࢺୖࡢ polyethyleneimine-coated ࢝ࣂ࣮࢞ࣛࢫ࡟ึ௦⚄⤒⣽⬊ࢆ᧛
✀ࡋࠊ20 nM TBT ࢆ 9᪥㛫᭚㟢ᚋࠊPBS(-) ࡛ wash ࡋࠊ4% paraformaldehyde/PBS(-) 
࡟ࡼࡾᐊ ࡛ 10 ศ㛫ᅛᐃࡍࡿࠋPBS(-) ࡛ wash ࡋࠊ2 ⁲ࡢ Image-iT™ FX Signal 
Enhancer ࡛ 1 ᫬㛫ࣈࣟࢵ࢟ࣥࢢᚋࠊ୍ḟᢠయ཯ᛂ㸦mouse GluR2 antibody, 1:250; 
rabbit N-cadherin antibody, 1:250㸧ࢆᐊ  1 ᫬㛫࡛⾜࠺ࠋ࢝ࣂ࣮࢞ࣛࢫࢆ PBS(-) ࡛ 
3 ᅇ wash ᚋࠊAlexa Fluor® 488-conjugated goat anti-mouse IgG (1:500) ࡲࡓࡣ 
Alexa Fluor® 555-conjugated goat anti-rabbit IgG (1:500) ࡛ 1 ᫬㛫㐽ග᮲௳࡛࢖ࣥ
࣮࢟ࣗ࣋ࢺࠋ࢝ࣂ࣮࢞ࣛࢫࢆ PBS(-) ࡛ 3 ᅇ wash ࡋࡓᚋ Prolong® Diamond ࡛ᑒ
ධࡋࠊඹ↔Ⅼ࣮ࣞࢨ࣮㢧ᚤ㙾 FV-1000-D (Olympus)࡟࡚ほᐹࡍࡿࠋ 
 
(2) shNRF-1/293T ⣽⬊ࡢ LAMP1 Ⓨ⌧㔞ホ౯ 
24 well ࣉ࣮ࣞࢺୖࡢ poly-D-lysine-coated ࢝ࣂ࣮࢞ࣛࢫ࡟ shNRF-1/293T ⣽⬊ࢆ
᧛✀ࡋࠊDox ࢆ 120 h ῧຍᚋࠊPBS(-) ࡛ wash ࡋࠊ4% paraformaldehyde/PBS(-) ࡟
ࡼࡾᐊ ࡛ 10 ศ㛫ᅛᐃࡍࡿࠋPBSTx (0.1% Triton-X in PBS) ࡛⭷㏱㐣ฎ⌮ࢆᐊ  10 
ศ࡛ 2 ᅇ⾜࠸ࠊ3% BSA in PBSTx ࡛ 1 ᫬㛫ࣈࣟࢵ࢟ࣥࢢᚋࠊ୍ḟᢠయ཯ᛂ㸦rabbit 
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LAMP1 antibody, cell signaling technology, 1:400㸧ࢆᐊ  1 ᫬㛫࡛⾜࠺ࠋ࢝ࣂ࣮࢞ࣛ
ࢫࢆ PBSTx ࡛ 3 ᅇ wash ᚋࠊAlexa Fluor® 555-conjugated goat anti-rabbit IgG 
(1:500) ࡛ 1 ᫬㛫㐽ග᮲௳࡛࢖࣮ࣥ࢟ࣗ࣋ࢺࠋ࢝ࣂ࣮࢞ࣛࢫࢆ PBS(-) ࡛ 3 ᅇ wash 
ࡋࡓᚋ 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI) ࢆຍ࠼ 5 ศ㛫࢖ࣥ࢟
࣮ࣗ࣋ࢺᚋࠊࡉࡽ࡟ PBS(-) ࡛ 3 ᅇ wash ࡍࡿࠋ᭱ᚋ࡟ Prolong® Diamond ࡛ᑒධ
ࡋࠊඹ↔Ⅼ࣮ࣞࢨ࣮㢧ᚤ㙾࡟࡚ほᐹࡍࡿࠋ 
 
(3) ึ௦⚄⤒⣽⬊ࡢ LAMP1 Ⓨ⌧㔞ホ౯ 
24 well ࣉ࣮ࣞࢺୖࡢ polyethyleneimine-coated ࢝ࣂ࣮࢞ࣛࢫ࡟ึ௦⚄⤒⣽⬊ࢆ᧛
✀ࡋࠊNeurobasal medium (B-27 supplementࠊpenicillin/streptmycinࠊࢢࣝࢱ࣑ࣥࢆ
ྵࡴ ) ࡛ᇵ㣴ࡋࡓࠋ20 nM TBT ࢆ  7 ᪥㛫᭚㟢ᚋࠊPBS(-) ࡛  wash ࡋࠊ4% 
paraformaldehyde/PBS(-) ࡟ࡼࡾᐊ ࡛ 10 ศ㛫ᅛᐃࡍࡿࠋPBSTx ࡛⭷㏱㐣ฎ⌮ࢆᐊ
  10 ศ࡛ 2 ᅇ⾜࠸ࠊ3% BSA in PBSTx ࡛ 1 ᫬㛫ࣈࣟࢵ࢟ࣥࢢᚋࠊ୍ḟᢠయ཯ᛂ
㸦rabbit LAMP1 antibody, abcam, 1:400; mouse MAP2 antibody, 1:250㸧ࢆᐊ  1 ᫬
㛫࡛⾜࠺ࠋ࢝ࣂ࣮࢞ࣛࢫࢆ PBSTx ࡛ 3 ᅇ wash ᚋࠊAlexa Fluor® 488-conjugated 
goat anti-mouse IgG (1:500) ࡲࡓࡣ Alexa Fluor® 555-conjugated goat anti-rabbit 
IgG (1:500)࡛ 1 ᫬㛫㐽ග᮲௳࡛࢖࣮ࣥ࢟ࣗ࣋ࢺࠋ࢝ࣂ࣮࢞ࣛࢫࢆ PBS(-) ࡛ 3 ᅇ 
wash ࡋࡓᚋ Prolong® Diamond ࡛ᑒධࡋࠊඹ↔Ⅼ࣮ࣞࢨ࣮㢧ᚤ㙾࡟࡚ほᐹࡍࡿࠋ 
 
࠙NRF-1 ஧㔞యᙧᡂホ౯ࠚ 
(1) HEK 293T ⣽⬊ᇵ㣴࠾ࡼࡧࢺࣛࣥࢫࣇ࢙ࢡࢩࣙࣥ 
HEK 293T ⣽⬊ࢆ DMEM ᇵᆅ㸦10% FBSࠊ0.58 mg/ml L-ࢢࣝࢱ࣑ࣥࠊ2 mg/ml 
NaHCO3ࠊ100 units/ml ࣌ࢽࢩࣜࣥࠊ100 μg/ml ࢫࢺࣞࣉࢺ࣐࢖ࢩࣥࠊ4.5 g/l ࢢࣝࢥ
࣮ࢫ㸧࡟࡚ᇵ㣴ࡍࡿࠋFuGENE HD (Promega) ࢆ⏝࠸࡚ pcDNA3.1(+)_HA-hNRF-1 ࠾
ࡼࡧ pAcGFP-C1_HA-hNRF-1 ࢆࢺࣛࣥࢫࣇ࢙ࢡࢩࣙࣥࡍࡿࠋ48 ᫬㛫ᚋࠊ20 nM TBT 
ࢆ 3 ᫬㛫᭚㟢ࡋࠊTNE ࣂࢵࣇ࢓࣮࡟࡚ྍ⁐໬ࡍࡿࠋ 
(2) ච␿ỿ㝆 
Dynabeads protein G (Invitrogen)50 μL ࢆඛኴࢳࢵࣉ࡛ 1.5 mL ࢳ࣮ࣗࣈ࡟࡜ࡾࠊ
࣐ࢢࢿࢵࢺ࡟࠾࠸࡚ୖΎࢆ㝖ࡁࠊ࣐ࢢࢿࢵࢺ࠿ࡽࢳ࣮ࣗࣈࢆ࡜ࡾ PBS-T (PBS with 
0.1% Tween 20) ࡛ 2 ᅇ wash ࡍࡿࠋ࣐ࢢࢿࢵࢺ࡟࠾࠸࡚ୖΎࢆ㝖ࡁࠊGFP ᢠయ 
(Santa Cruz Biotechnology, sc-9996) 1 μg ࡢධࡗࡓ 200 μL ࡢ PBS-T ࢆຍ࠼ࠊᐊ 
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࡛ 10 ศ㛫࣮ࣟࢸ࣮ࢩࣙࣥࡍࡿࠋ࣐ࢢࢿࢵࢺ࡟࠾࠸࡚ୖΎࢆ㝖ࡁࠊ200 μL ࡢ PBS-T 
࡛ wash ࡍࡿࠋ࣐ࢢࢿࢵࢺ࡟࠾࠸࡚ୖΎࢆ㝖ࡁࠊ20 nM TBT 3 ᫬㛫᭚㟢ᚋࡢ whole 
cell extractࢆຍ࠼ࠊPBS-T ࡛඲㔞 200 μL࡟ᾮ㔞ࢆྜࢃࡏࠊᐊ ࡛ 20 ศ㛫࣮ࣟࢸ࣮
ࢩࣙࣥࢆ⾜࠺ࠋDynabeads-antibody(Ab)-antigen(Ag) complex ࢆ 200 μL ࡢ PBS-T 
࡛ 3 ᅇ wash ࡍࡿࠋDynabeads-Ab-Ag complex ࢆ 100 μL ࡢ PBS-T ࡛෌ᠱ⃮ࡋࠊ






⸆≀᭚㟢ࡋࡓ⣽⬊ࢆࢭࣝࢫࢡࣞ࢖ࣃ࣮࡛๤ࡂྲྀࡾࠊᅇ཰ࡋࠊ⣽⬊య✚ࡢ 3 ಸ㔞ࡢ   
hypotonic buffer ࢆຍ࠼ᠱ⃮ࡋࡓࠋ10 ศ㛫ịୖ࡟ᨺ⨨ᚋࠊ24G syringe ࡟ࡼࡾ◚○ࡋ
ࡓࠋࡑࡢᚋࠊ4Υࠊ10000 rpmࠊ30 ศ㛫㐲ᚰࡋࠊୖΎࢆᤞ࡚ࠊpellet ࡟ low salt buffer 
ࢆ 1/2 ಸ㔞ຍ࠼ᠱ⃮ࡋࡓࠋ᭦࡟ࠊhigh salt buffer ࢆ 1/2 ಸ㔞ຍ࠼᫬ࠎᠱ⃮ࡋࡘࡘ 30 

















Hypotonic buffer ⤌ᡂ μL 
0.1 M HEPES (pH 7.9) 100 
1 M MgCl2 1.5 
1 M KCl 10 
1 M DTT 0.5 
5×complete 200 
D.W. 688 
Total 1000 μL 
 
Low salt buffer ⤌ᡂ μL 
0.1 M HEPES (pH 7.9) 200 
1 M KCl 20 
1 M MgCl2 1.5 
50 mM EDTA 2 
80% glycerol 313 
0.1 M DTT 2 
5×complete 200 
D.W. 261.5 
Total 1000 μL 
 
High salt buffer ⤌ᡂ μL 
0.1 M HEPES (pH 7.9) 200 
3 M KCl 200 
1 M MgCl2 1.5 
80% glycerol 313 
0.1 M DTT 2 
5×complete 200 
D.W. 83.5 





2×annealing buffer ࡟ oligonucleotide ࢆຍ࠼ࠊ࢔ࢽ࣮ࣜࣥࢢࢆ⾜࡞ࡗࡓࠋ 
2×annealing buffer                         Annealing reaction mixture 
⤌ᡂ               μL           ⤌ᡂ              μL 
2 M Tris-HCl (pH 7.5)       125           oligonucleotide Fw (50 μM)    20 
0.5 M EDTA                175           oligonucleotide Rv (50 μM)    20 
5 M NaCl                   40            2×annealing buffer           50 
Nuclease free water         660           Nuclease free water           10 
Total                       1000 μL        Total                     100 μL       
 
Annealing reaction 
95Υ, 5 min. 
  Ў 0.1Υ/s to 70Υ 
70Υ, 10 min 
  Ў 0.1Υ/s to 60Υ      ͤ annealing ᚋࡢ oligonucleotide = consensus oligo.  
60Υ, 10 min.                     consensus oligo conc.: 10 pmol/μL 
  Ў 0.1Υ/s to 50Υ 
50Υ, 10 min. 
  Ў 0.1Υ/s to 40Υ 
40Υ, 10 min. 
  Ў 0.1Υ/s to 30Υ 
30Υ, 10 min. 
  Ў 0.1Υ/s to 20Υ 
20Υ, hold 
Oligonucleotide 㓄ิ 
NRF-1 Fw TTTTGCCTCGAGTCGCGCACGCGCGCCCGGGACTGC 
NRF-1 Rv TTTTGCAGTCCCGGGCGCGCGTGCGCGACTCGAGGC 
REST Fw AGCTCCGACTAAAGCGCTGTCCTCGGTGCTAAAATCGG 
REST Rv CCGATTTTAGCACCGAGGACAGCGCTTTAGTCGGAGCT 
Sp1 Fw ATTCGATCGGGGCGGGGCGAGC 





Consensus oligo. (1.75 pmol/μL) 2 μL 
T4 Polynucleotide Kinase 10×Buffer 1 μL 
[γ-32P]ATP (3000 Ci/mmol.at 10 mCi/mL) 2.2 μL 
Nuclease free water 3.8 μL 
T4 Polynucleotide Kinase 1 μL 
Total 10 μL 
 
Incubation at 37Υ, 30 min. 
↓0.5 M EDTA 1 μL 
↓TE buffer (up to 50 μL) 
Labeled oligonucleotide㸦⢭〇๓ probe㸧    
 
(4) ⢭〇ຠ⋡ࡢ☜ㄆ 
50 mL tube ࡟ධࢀࡓ G25 ⣙ 0.4 g ࡟ᑐࡋ࡚ milli Q ࢆ⣙ 30 mL ຍ࠼ᐊ ୍࡛ᬌ
㟼⨨ࡋࡓࠋ⩣᪥ࠊG25 : milliQ = 1:1 ࡟࡞ࡿࡼ࠺ milliQ ࢆ࢔ࢫࣆ࣮ࣞࢱ࣮࡛྾ᘬࡋࡓࠋ
Tube ࢆ㌿ಽΰ࿴ࡋࠊ0.65 mL tube ࡟ 300 μL ࡢ G25 ࢆධࢀࡓࠋTube ࡢᗏ࡟ 18G 
needle ࡛✰ࢆ㛤ࡅࠊ1.5 mL tube ࡟ධࢀࠊ5000 rpmࠊ3 ศ㛫㐲ᚰࡋࡓࠋ(3) ࡢ⢭〇๓ 
oligonucleotide ࢆ G25 ࡢ tube ࡟⛣ࡋࠊ5000 rpmࠊ3 ศ㛫㐲ᚰ࡟ࡼࡾ᪂ࡋ࠸ 1.5 mL 
tube ࡟⢭〇ࡋࡓࠋBlank (TE buffer)ࠊ⢭〇๓ oligonucleotideࠊ⢭〇ᚋ oligonucleotide 
ࢆࡑࢀࡒࢀ 0.65 mL tube ࡟ 1 μL ධࢀࠊࢳࣕࣞࣥࢥࣇࠊP.T 1.0 ࡛ ᐃࡋࡓࠋ 
 
(5) ࢤࣝస〇 
5×TBE buffer 3.0 mL 
40% acrylamid (w/v), AA:bis=60:1 3.0 mL 
80% glycerol 940 μL 
D.W. 22.8 mL 
TEMED 15 μL 
10% APS 225 μL 




(6) DNA ⤖ྜ཯ᛂ 
 Total volume 14 μL 
↓ 
Incubation at 25Υ, 30 min. 
      ↓←probe 1 μL 
Incubation at 25Υ, 20 min. 




Pre-run: 200 V for 60-90 min. (buffer: 0.5×TBE) 
         Ў 
Well wash & sample ࢔ࣉࣛ࢖ 
                ↓ 
Run: 200 V for 80 min. (until BPB is 3/4 of the way down the gel) 
                ↓ 
Place the gel on 3 MM paper 
             ↓ 
Cover with saran wrap 
              ↓ 
Dry on the gel dryer for 30-90 min. at 80Υ 
              ↓ 
Expose to X-ray film 
 
(8) ⌧ീ 
 ༑ᩘ᫬㛫࠿ࡽ 48 ᫬㛫ឤගࡉࡏࡓࣇ࢕࣒ࣝࢆ⌧ീࡋࡓࠋ 
NC PC Specific oligo. Non-specificoligo. cont. TBT
11 6 4 4 6 6
3 3 3 3 3 3
0 0 2 2 0 0









⸆≀᭚㟢ᚋࡢ⣽⬊ࢆ 1% formaldehyde ࡛ 10 ศ㛫࢖࣮ࣥ࢟ࣗ࣋ࢺᚋࠊglysine (final 
0.125 M) ࢆῧຍࡋ 5ศ㛫࢖࣮ࣥ࢟ࣗ࣋ࢺࡍࡿࠋࡑࡢᚋࠊࢭࣝࢫࢡࣞ࢖ࣃ࣮ࢆ⏝࠸ PBS 
(-) ࡛⣽⬊ࢆᅇ཰ࡋࠊ1.5 mLࢳ࣮ࣗࣈ࡟⛣ࡍࠋ4,200 rpm࡛ 3ศ㛫෭༷㐲ᚰࡋ⣽⬊ࢆ
ⴠ࡜ࡋࠊ500 PL Cell lysis buffer࡛⣽⬊ࢆ෌ᠱ⃮ࡋ෌ࡧ 4,200 rpm࡛ 3ศ㛫෭༷㐲ᚰ
ࢆ⾜࠺ࠋࡑࡢỿẊ≀ࢆ 100 PL Cell lysis buffer࡟࡚ᠱ⃮ࡋ 10ศ㛫ịୖ࡟⨨ࡃࠋࡑࡢ
ᚋࠊDounce homogenizerࢆ⏝࠸ 15ᅇ࣍ࣔࢪࢼ࢖ࢬࢆ⾜࠸ࠊ250 PL Cell lysis buffer
࡛ 2 ᅇὙ࠸ࡇࡳࠊ6,200 rpm ࡛ 10 ศ㛫෭༷㐲ᚰࡋ᰾ࢆỿẊࡉࡏࡿࠋ࣌ࣞࢵࢺ࡟ 150 
PL Sonication bufferࢆຍ࠼࡚ᠱ⃮ࡋࠊDNAࢆ᩿∦໬ࡍࡿࡓࡵ 30⛊㛫3ᅇࡢ㉸㡢
Ἴ◚○ࢆ⾜ࡗࡓࠋ㉸㡢Ἴ◚○ࡣHandy Sonic model UR-20P (TOMY) ࢆ⏝࠸ࠊᙉࡉ 5
࡛⾜ࡗࡓࠋࡑࡢᚋ 12,000 rpmࠊ10ศ㛫෭༷㐲ᚰࡋࠊୖΎࡢ DNA㔞ࢆ nanodrop࡟ࡼ





 Dynabeadsࢆ 50 PLࠊ1.5 mLࢳ࣮ࣗࣈ࡟࡜ࡾࠊ࣐ࢢࢿࢵࢺ࡟࠾࠸࡚ୖΎࢆ㝖ཤࡍࡿࠋ
࣐ࢢࢿࢵࢺ࠿ࡽࢳ࣮ࣗࣈࢆ࡜ࡾࠊࣅ࣮ࢬࢆ 400 PL PBS (-) ࡛ 2ᅇὙ࠸ࠊ0.5% BSAࠊ2 
Pg NRF-1 antibody (ChIP Grade) ࡢධࡗࡓ 200 PL PBS (-) ࡛෌ᠱ⃮ࡋࠊ4 Υࠊ࣮࢜
ࣂ࣮ࢼ࢖ࢺ࡛࣮ࣟࢸ࣮ࢩࣙࣥࡍࡿࠋࡑࡢᚋࠊ400 PL PBS (-) ࡛෌ᠱ⃮ࢆ⾜࠺ࠋ 
 
(b) ᢠཎᢠయ཯ᛂ 
 (1) ࡛ᢳฟࡋࡓ Chromatin solution 60 PLࢆ 540 PL ChIP dilution buffer࡛ 10ಸ
ᕼ㔘ࡋࠊࡑࡢ࠺ࡕ 20 PL ࢆ Input ⏝࡟ 1.5 mL ࢳ࣮ࣗࣈ࡟࡜ࡾࠊ-20 Υ࡛ಖᏑࡍࡿࠋ
ṧࡾ 580 PL ࡢ Chromarin solution ࢆ (2)-(a) Dynabeads/antibody complex ࡟ຍ࠼ࠊ
4Υࠊ࣮࢜ࣂ࣮ࢼ࢖ࢺ࡛࣮ࣟࢸ࣮ࢩࣙࣥࢆ⾜࠺ࠋࡑࡢᚋࠊ࣐ࢢࢿࢵࢺ࡟ࡢࡏࠊୖΎࢆ㝖
ࡁࠊ400 PL ࡢྛ buffer (ChIP washing buffr ձ1ᅇࠊChIP washing buffer ղ1
ᅇࠊLiCl immune complex wash buffer2ᅇࠊTE buffer2ᅇ) ࡛Ὑ࠺ࠋ 
 
(3) ᢠཎࡢ⁐ฟ࡜⬺ࢡࣟࢫࣜࣥࢡ 
 Elution buffer ࢆ⏝ពࡋࠊ250 PL Elution buffer ࡛ Dynabeads/antibody/antigen 
complexࢆ෌ᠱ⃮ࡋࠊᐊ ࡛ 15ศ㛫࣮ࣟࢸ࣮ࢩࣙࣥࢆ⾜࠺ࠋ࣐ࢢࢿࢵࢺ࡟⨨ࡁୖΎࢆ
᪂ࡋ࠸1.5 mLࢳ࣮ࣗࣈ࡟࡜ࡾࠊDynabeads/antibody/antigen complex ࢆ෌ࡧ Elution 
buffer ࡛ᠱ⃮ࡋࠊ15 ศ㛫࣮ࣟࢸ࣮ࢩࣙࣥࡍࡿࠋୖΎࢆྠࡌ 1.5 mL ࢳ࣮ࣗࣈ࡟࡜ࡿࠋ
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(2)-(b) ࡛ಖᏑࡋࡓ Input ⏝ࡢࢧࣥࣉࣝ࡟ 500 PL Elution buffer ࢆຍ࠼ࠊIPࠊInput
ඹ࡟ 20 PL 5M NaCl ࢆῧຍࡋ 65Υ ࡛᭱ప 4 ᫬㛫௨ୖ࢖࣮ࣥ࢟ࣗ࣋ࢺࡋࡓࠋ 
 
(4) DNAࡢ⢭〇 
 65 Υ࢖࣮ࣥ࢟ࣗ࣋ࢩࣙࣥᚋࡢࢧࣥࣉࣝ࡟  500 PL phenol : chloroform : 
isoamylalchol = 25 : 24 : 1 ࢆຍ࠼࡚ࣆ࣌ࢵࢸ࢕ࣥࢢࢆ⾜࠸ࠊ12,000 rpm ࡛ 5 ศ㛫㐲
ᚰࢆ⾜࠺ࠋቃ⏺㒊ศ࡟ゐࡽ࡞࠸ࡼ࠺ୖΎࢆ᪂ࡋ࠸ 1.5 mLࢳ࣮ࣗࣈ࡟࡜ࡾࠊ50 PL 3 M 
NaOAc (pH 5.2)ࠊ2 PL 20mg/mL glycogenࠊ1 mL ethanol ࢆຍ࠼ࠊ20 ศ㛫௨ୖࢻࣛ
࢖࢔࢖ࢫ࡟࠾ࡃࠋࡑࡢᚋࠊ15,000 rpmࠊ15 ศ㛫෭༷㐲ᚰࡋୖࠊ Ύࢆ㝖ࡁࠊ80% ethanol




 ࣜ࢔ࣝࢱ࢖࣒  PCR ࡟ࡼࡾ  IP DNA 㔞࡜  Input DNA 㔞ࢆࡑࢀࡒࢀ ᐃࡋࠊ
IP/Input ࡢ್ࢆ⤖ᯝ࡜ࡋ࡚♧ࡋࡓࠋࣜ࢔ࣝࢱ࢖࣒  PCR ࡣ  QuantiTect® SYBR® 
Green PCR Kit ࢆ౑⏝ࡋࠊCFX Manager ࡟ࡼࡾゎᯒࢆ⾜ࡗࡓࠋDNA 㔞ࡢ┦ᑐᐃ㔞ゎ
ᯒࡣ ǼǼCt ἲ࡟ࡼࡾ⾜ࡗࡓࠋ 
 
⤌ᡂ           
KAPA SYBR® FAST qPCR MasterMix   7.5 PL 
Primers (5 mM)                        0.8 PL 
N.F. water                             8.9 PL 
Template DNA                          2 PL 
Total                                  20 PL 
 
(6)ྛ✀ buffer⤌ᡂ 
Cell lysis buffer             Sonication buffer 
⤌ᡂ        ᭱⤊⃰ᗘ        ⤌ᡂ     ᭱⤊⃰ᗘ 
HEPES (pH 7.9)     10 mM       Tris (pH 8.1)    50 mM 
MgCl2              1.5mM        EDTA          10 mM 
KCl                10 mM             SDS             1% 
DTT                0.5 mM              protease inhibitor cocktail  ⏝᫬ㄪ〇 




Thermal cycling parameters 
   1. 95 Υ  3 min 
   2. 95 Υ  15 sec 
   3. 62 Υ  30 sec 
   4. 72 Υ  30 sec 





ChIP dilution buffer           ChIP washing bufferձ 
⤌ᡂ          ᭱⤊⃰ᗘ       ⤌ᡂ      ᭱⤊⃰ᗘ 
Tris (pH 8.1)        25 mM            Tris (pH 8.1)    16.7 mM 
NaCl              140 mM               SDS             0.01% 
Triton X-100         1%                  Triton X-100       1% 
SDS                0.1%                 EDTA          1.2 mM 
EDTA               3 mM               NaCl            150 mM 
protease inhibitor cocktail  ⏝᫬ㄪ〇 
 
ChIP washing bufferղ                 LiCl immune complex wash buffer 
⤌ᡂ        ᭱⤊⃰ᗘ             ⤌ᡂ          ᭱⤊⃰ᗘ 
Tris (pH 8.1)     16.7 mM       Tris (pH 8.1)           10 mM 
SDS              0.01%              LiCl                   0.25 M 
Triton X-100       1%                NP40                   1% 
EDTA            1.2 mM             sodium deoxycholate     1% 
NaCl            500 mM             EDTA                  1 mM 
 
TE buffer                              Elution buffer 
⤌ᡂ                mL             ⤌ᡂ          PL 
1M Tris-HCl (pH 8.0)   2mL         1% SDS             1000 
0.5M EDTA           0.4 mL           1 M NaHCO3         50      ⏝᫬ㄪ〇 
MilliQ               197.6 mL         100Pg/mL ssDNA     0.1 
Total                 200 mL 
 
(7)ࣉࣛ࢖࣐࣮㓄ิ 
NRE _GluR2_promoter_Fw CGCAAGACTGGAGGTCTCTAA 
NRE _GluR2_promoter_Rv CGCACACACACAGGAAAGTC 
 
࠙ATP  ᐃࠚ 





࠙Lyso Tracker ࡟ࡼࡿࣜࢯࢯ࣮࣒ᙧែほᐹࠚ 
4 ศ๭ 35 mm ࢞ࣛࢫ࣎ࢺ࣒ࢹ࢕ࢵࢩࣗ࡟ shNRF-1/293T ⣽⬊ࢆ᧛✀ࡋࠊDox ࢆ 
120 ᫬㛫ῧຍࡍࡿࠋPBS ࡛ wash ᚋࠊLyso Tracker Red DND-99 (final 50 nM) ࢆῧ
ຍࡋ 15 ศ㛫࢖࣮ࣥ࢟ࣗ࣋ࢺࡍࡿࠋPBS ࡛ wash ᚋ F12 ࣓ࢹ࢕࣒࡛࢘⨨᥮ࡋࠊඹ↔
Ⅼ࣮ࣞࢨ࣮㢧ᚤ㙾࡟࡚ほᐹࡍࡿࠋ 
࠙NRF-1 ࢡ࣮ࣟࢽࣥࢢࠚ 
᏶඲㛗  HA ࢱࢢ⼥ྜ  human NRF-1 ࡣ௨ୗࡢࣉࣛ࢖࣐࣮࡜  Prime STAR HS 
polymerase ࢆ⏝࠸࡚స〇ࡋࡓࠋPCR ⏘≀ࡣ Hind III ࡜ Not I ࡟ࡼࡾไ㝈㓝⣲ฎ⌮







pLKO-Tet-On <shNRF-1> ࣉࣛࢫ࣑ࢻస〇 
(1) shRNA タィ 
















Top oligo (100 μM) 11.25 μL 
Bottom oligo (100 μM) 11.25 μL 
10 × ࢔ࢽ࣮ࣜࣥࢢࣂࢵࣇ࢓࣮ 2.5 μL 
 
ۑ 10 × ࢔ࢽ࣮ࣜࣥࢢࣂࢵࣇ࢓࣮ 
1 M Tris 5 mL  
5M NaCl 10 mL  
Total 50 mL  
HCl ࡟ࡼࡾ pH 7.4 ࡟ྜࢃࡏࢁ㐣⁛⳦ࢆ⾜ࡗࡓ 
 
స〇ࡋࡓ shRNA ࢆ 0.5 × ࢔ࢽ࣮ࣜࣥࢢࣂࢵࣇ࢓࣮࡟࡚ 400 ಸᕼ㔘ࡋࡓࠋ 
Thermal cycling parameters 











Tet-pLKO-puro (#21915, Addgene) 400 ng 
10  H buffer 1 μL 
EcoRI 0.5 μL 
AgeI 0.5 μL 










ᕼ㔘 oligo 1 μL 
ࣉࣛࢫ࣑ࢻ 20 ng 
Ligation high ver.2 7.5 μL 
TE buffer ࡛඲㔞 15 μL ࡟ㄪ〇 
 
(6) ᙧ㉁㌿᥮ 
ࢥࣥࣆࢸࣥࢺࢭࣝ (Stbl3) 100 μL࡟ࣛ࢖ࢤ࣮ࢩࣙࣥ⏘≀ࢆ 5 μL ࢆຍ࠼ࠊịୖ࡛ 20 






(7) ࢲ࢖ࣞࢡࢺࢥࣟࢽ࣮ PCRἲࠊࣉࣛࢫ࣑ࢻᢳฟ 
ᙧᡂࡉࢀࡓࢥࣟࢽ࣮ࢆୗ࡟♧ࡍ⤌ᡂཬࡧ Thermal cycling parameters ࡟࡚ࠊࢲ࢖ࣞ
ࢡࢺࢥࣟࢽ࣮ PCR ࢆ⾜ࡗࡓࠋ 
 
⤌ᡂ  
10 × Ex Taq Buffer 1 μL 
dNTP mix (2.5 mM) 0.8 μL 
Ex Taq (5 units/μL) 0.1 μL 
Forward primer (100 μM) 0.1 μL 
Reverse primer (100 μM) 0.1 μL 
D.W. 7.9 μL 






 PCR ⏘≀ࢆ 0.7% ࢔࣮࢞ࣟࢫࢤࣝ࡟Ὃືࡋࠊ࢖ࣥࢧ࣮ࢺࡀ☜ㄆ࡛ࡁࡓࢥࣟࢽ࣮ࢆ




 ᢳฟࡋࡓࣉࣛࢫ࣑ࢻࢆ XhoI ࢆ⏝࠸࡚ࠊ37°Cࠊ2᫬㛫ไ㝈㓝⣲ฎ⌮ࢆ⾜ࡗࡓࠋ 
 
⤌ᡂ  
ࣉࣛࢫ࣑ࢻ DNA 500 ng 
XhoI 0.5 μL 
10 × H buffer 1 μL 
D.W. ࡛඲㔞 10 μL ࡟ㄪ〇 
 
2% ࢔࣮࢞ࣟࢫࢤࣝ࡟Ὃືࡋࠊ100 bp ௜㏆࡟ࣂࣥࢻࡀ 2 ᮏㄆࡵࡽࢀࡓࡶࡢࢆ࢖ࣥࢧ
Thermal cycling parameters 
Stage 1 × 1      98°C     30 sec 
Stage 2 × 30     98°C     10 sec 
               55°C     30 sec 
               72°C     90 sec 








Day 1 HEK 293T ⣽⬊ࡢ᧛✀ 
1. poly-D-lysine ࢥ࣮ࢸ࢕ࣥࢢࡋࡓ 100 mm dish ࡟ HEK 293T ⣽⬊ࢆ 400 ୓ 
cells ࡛᧛✀ࡍࡿ 
2. 24 ᫬㛫 CO2 ࢖࣮ࣥ࢟ࣗ࣋ࢱ࣮࡛ᇵ㣴ࡍࡿ 
 
Day2 ࣓ࢹ࢕࣒࢘஺᥮࣭ࢺࣛࣥࢫࣇ࢙ࢡࢩࣙࣥ 
1. ௨ୗࡢ㏻ࡾ transfection mixture ࢆస〇ࡋࠊ10 ศ㛫㟼⨨ࡍࡿ 
2. ᇵ㣴࣓ࢹ࢕࣒࢘ࢆ 8 ml ࡢ᪂㩭࡞࣓ࢹ࢕࣒࢘࡜஺᥮ࡍࡿ 
3. Transfection mixture ࢆ⣽⬊࡟⁲ୗࡋࠊO/N ࢖࣮ࣥ࢟ࣗ࣋ࢺࡍࡿ 
 
 
Day 3 ࣓ࢹ࢕࣒࢘஺᥮ 
1. 13-16 ᫬㛫ᚋࠊ10 μM forskorin (x500 stock solution at -30 oC; 10 mg/ 4.872 ml 
DMSO) ࢆྵࡴ᪂㩭࡞࣓ࢹ࢕࣒࢘ 9 ml ࡟஺᥮ 
2. 48 ᫬㛫࢖࣮ࣥ࢟ࣗ࣋ࢩࣙࣥ 
 
Day 5 ࢘࢖ࣝࢫࡢᅇ཰࣭⃰⦰㸦඲࡚ịୖ᧯స㸧 
1. ᇵ㣴࣓ࢹ࢕࣒࢘ࢆ 0.45 μm PVDF ࣇ࢕ࣝࢱ࣮࡛ࢁ㐣ࡋ 50 ml ࢳ࣮ࣗࣈ࡟⛣ࡍ 
 Plasmid ug/ul ug/plate ul/plate 
Transfer Plasmid Tet-pLKO-hNRF-1 1 5 5 
Packaging Plasmid pMDLg/pRRE 1 1.7 1.7 
Envelope Plasmid pMD2.G 1 1.7 1.7 
RNA Export Plasmid pRSV-Rev 1 1.7 1.7 
 PEI(pH4.5) 1 40 40 
 Optimem   950 
total    1000.1 
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2. 4x PEG-it (3 ml PEG-it / 9 ml ࣓ࢹ࢕࣒࢘)ࢆຍ࠼ࡿ 
3. 4 oC O/N 
4. 1,500 g 30 ศ㐲ᚰ 
5. ୖΎࢆ㝖ཤ㸦୍㒊ࢆṧࡍ㸧ࡋࠊ࣌ࣞࢵࢺࢆ෌ᠱ⃮ࡍࡿ 
6. 1,500 g 5 ศ㐲ᚰ 
7. ୖΎࢆ㝖ཤࡋࠊoptimem 㸦ᇵ㣴࣓ࢹ࢕࣒࢘㔞ࡢ 1/500 㔞㸧࡛෌ᠱ⃮ࡍࡿ 
8. ᑠศࡅ࡟ࡋ࡚ -80 oC ࡛ಖᏑ 
 
࢖ࣥࣇ࢙ࢡࢩ࣭ࣙࣥࢩࣥࢢࣝࢭࣝࢡ࣮ࣟࢽࣥࢢ 
1. HEK 293T ⣽⬊ࢆ 24 well plate ࡟᧛✀ࡋࠊO./N. 
2. ࣞࣥࢳ࢘࢖ࣝࢫᾮ (1-5 μl) ࡜ polybrene 8 μg / ml ࢆῧຍࡋࠊ24 ᫬㛫ᇵ㣴ࡍࡿ 
3. PBS wash ࠊ࣓ࢹ࢕࣒࢘஺᥮ࡋ࡚ 24 ᫬㛫ᇵ㣴ࡍࡿ 
4. 1 μg/ml ࣆ࣮࣐ࣗࣟ࢖ࢩࣥࢆྵࡴ࣓ࢹ࢕࣒࢘࡟⨨᥮ࡋࠊ2 㐌㛫⛬ᗘࢭࣞࢡࢩࣙࣥ
ࢆ⾜࠺ 
5. ࢭࣞࢡࢩࣙࣥᚋࡢ⣽⬊ࢆ 100 cells / 100 mm dish ࡛᧛✀ࡋࠊ1 㐌㛫⛬ᗘᇵ㣴ࡍ
ࡿ 
6. ࢥࣟࢽ࣮ࡀᙧᡂࡉࢀࡓࡽࠊྛࢥࣟࢽ࣮ࢆࣆࢵࢡ࢔ࢵࣉࡋ Dox ῧຍ᫬ࡢ NRF-1 




Poly-D-lysine ࢥ࣮ࢸ࢕ࣥࢢࡋࡓ 24 well ࣉ࣮ࣞࢺ࡟ shNRF-1/293T⣽⬊ࢆ᧛✀ࡍ
ࡿࠋ100 ng/ml Dox ࢆྛ᫬㛫ῧຍᚋࠊL-[14C] valine (final 0.2 μCi/ml) ࢆྵࡴ࣓ࢹ࢕࢘
࣒ 400 μl ࡟⨨᥮ࡋࠊ20-24 ࢖࣮ࣥ࢟ࣗ࣋ࢺࡍࡿࠋPBS ࡛ wash ࡋࡓᚋ 10 mM valine 
ྵ᭷࣓ࢹ࢕࣒࢘ 500 μM ࡟⨨᥮ࡋ 2 ᫬㛫࢖࣮ࣥ࢟ࣗ࣋ࢺࡍࡿࠋPBS ࡛ wash ᚋࠊ10 
mM valine ྵ᭷࢔ࢵࢭ࢖࣓ࢹ࢕࣒࢘࡟⨨᥮ࡍࡿࠋ4 ᫬㛫࢖࣮ࣥ࢟ࣗ࣋ࢺᚋ plate ࢆị
ୖ࡟⨨ࡁࠊ1.5 ml ࢳ࣮ࣗࣈ࡟ 400 μl ࡢ࣓ࢹ࢕࣒࢘ࢆ⛣ࡋࠊ40% TCA ࢆ 200 μl (final 
10%) ࡜ࠊ20 mg/ml BSA ࢆ 200 μl ࢆຍ࠼ࡿࠋ࣎ࣝࢸࢵࢡࢫࡋ࡚ 4Υ 5-30 min 㟼⨨
ࡋࠊ12,000 rpm 5 ศ㛫㐲ᚰࡋ࡚ࠊୖΎ 400 μl ࢆࢩࣥࢳ࣮ࣞࢩࣙࣥࣂ࢖࢔ࣝ࡟⛣ࡋࠊ3 
ml ࢩࣥࢳ࣮ࣞࢱࢆຍ࠼ࡿࠋᾮయࢩࣥࢳ࣮ࣞࢩࣙࣥ࢝࢘ࣥࢱ࡛ᨺᑕάᛶࢆ ᐃࡍࡿ㸦cpm 
released㸧ࠋPlate ࢆ ice cold 10% TCA ࡛ 2 ᅇ wash ࡋࠊ1 M NaOH ࢆຍ࠼ࡿࠋ37Υ 
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20 ศ㛫࢖࣮ࣥ࢟ࣗ࣋ࢺᚋࠊࣆ࣌ࢵࢸ࢕ࣥࢢࡋ࡚ 250 μl ࢆࢩࣥࢳ࣮ࣞࢩࣙࣥࣂ࢖࢔ࣝ
࡟⛣ࡋ 3 ml ࢩࣥࢳ࣮ࣞࢱࢆຍ࠼ᾮయࢩࣥࢳ࣮ࣞࢩࣙࣥ࢝࢘ࣥࢱ࡛ᨺᑕάᛶࢆ ᐃࡍ
ࡿ (cell cpm)ࠋࢱࣥࣃࢡ㉁ศゎ⋡ (%) ࢆ௨ୗࡢ㏻ࡾ⟬ฟࡍࡿࠋ 
ሺ ൈ ͳǤʹͷ ൈ ʹ ൈ ͳͲͲሻȀሼሺ ൈ ͳǤʹͷ ൈ ʹሻ ൅ ሺ ൈ ʹሻሽ 
 
࠙⤫ィゎᯒࠚ 
 ㄽᩥࡢࢹ࣮ࢱࡣ඲࡚  mean + S.E.M. ࡛⾲グࡋ࡚࠸ࡿࠋ⤫ィᏛⓗ᭷ពᕪࡣ
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